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Abstract
Public transportation helps to decrease the negative externalities caused by people’s mobility. In
many countries, the total number of vehicles and traffic has risen many times in the last decades but there
is limited space to improve infrastructure in the cities. Large cities all over the world have a lot of issues
with congestion, traffic noise, emission of greenhouse gases, and accidents. According to many
international examples, sustainable public transportation in combination with synergistic projects
(park & ride, kiss & ride, bike & ride) can help to overcome these issues. Therefore new transit modes
and routes have been implemented in large cities recently with a purpose to change mode share in favor
of transit. Transit networks have been added by faster and more comfortable modes like light rail and bus
rapid transit. More transit modes are than integrated into one system to ensure high level of attractiveness
for users by easier transfers and simpler fare policies. The matter of sustainability is considered during
planning process of every new public transportation improvement project. The environmental aspect
combined with transit oriented development is very important aspect of public transportation.
This research is focused on potential ridership estimation for a new proposed transit service. The
proposed iterative model uses real data about current ridership as well as demographic and business
information along the corridor to predict riderships. The model uses the system dynamics approach to
predict the new route ridership generated in service coverage area. Transit assignment procedure is used
in two steps to assign riders to the new, existing and modified routes.
The proposed model is applied in a practical case study of BRT implementation along the Alameda
Avenue in El Paso, Texas. This research has estimated a daily total BRT ridership of 4,180 riders and the
new service implementation would persuade 2,064 persons to use transit instead of other modes.
The proposed iterative ridership estimation model has the potential to be used in large cities around
the world, including cities in EU and U.S.
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Chapter 1 Introduction
1.1

Background
People commute to work, hospitals, schools, shopping centers, sport centers, and etc.

every day. The standard of living has been rising and with this increasing number of people has
been using their own cars to commute, because it is better, faster, more comfortable, and
cheaper. In many countries, the total number of cars has risen many times in the last decades
but the infrastructure is more or less the same like it was tens of years ago. This is especially
the case of big city centers and post-communist countries (like the Czech Republic) where the
functional highway network and city bypasses are still missing. The environment in cities is
polluted by noise, vibrations, and greenhouse gases. Another problem in cities is parking.
Streets in old cities are usually narrow; the capacity of parking is low and there is hardly any
space for building new parking lots.
The transportation demand is still rising and people want to be mobile more and more.
According to Maslow’s hierarchy of needs (Maslow 1943) the need of mobility is said to be
one of the derived needs. This need is caused by the impossibility of satisfying all other needs
at one place. Based on Maslow’s hierarchy The Transportation Hierarchy of Needs was
introduced in a more recent study (Winters 2001):
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Figure 1.1 Transportation Hierarchy of Needs
Source: Winters (2001)

It is said that people in more developed countries with more Gross Domestic Product
(GDP) per capita use passenger cars more often than others. According to Althaus (2012)
vehicle density per capita increases with increasing GDP (almost linear rise from 0 vehicles per
capita at GDP 0 to 0.3 vehicles per capita at GDP $10,000).
Transportation sector is responsible for almost 30% of energy consumption in
Organisation for Economic Co-operation and Development (OECD) countries (IEA 2011)
which is connected with a large emission production.
The hypothesis of Environmental Kuznets Curve (Kuznets 1955; Dinda 2004) is used
in cases of describing the relationship between environmental degradation and economic
growth. The inverted-U shape curve is presented in Figure 1.2. At the low levels of development
the degradation increases monotonically up to the stage of industrial economies where the
turning point is found. The post-industrial economies are supposed to take the environment into
account and to decrease the impact caused by the industrial development. In passenger
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transportation this means that the developed countries with high GDP per capita should use
more sustainable modes of transportation especially public transportation.

Figure 1.2 The Environmental Kuznets curve
Source: Panayotou (2003)

To compare the real situation and hypothesis concerning the Environmental Kuznets
Curve we can take transit mode share and GDP per capita and see if there is a relationship
between them. The following table provides the values for selected European countries and
U.S. Transit mode shares are computed as the ratio of transit passenger-miles and total
passenger-miles for each country.
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Table 1.1 Transit and individual mobility (IM) mode share in selected European countries and
U.S.
Percentage Percentage GDP/capita Ratio
Mode share of Transit 2011
Transit (%) IM (%)
(index)
(Transit/GDP)
United States
(u)
8.1
91.9
148
0.055
Norway
11.6
88.4
187
0.062
Luxembourg
(e)
16.9
83.1
272
0.062
Netherlands
11.9
88.1
131
0.091
Iceland
12.0
88.0
112
0.107
United Kingdom
(e)
12.5
87.5
109
0.115
Germany
14.0
86.0
121
0.116
Ireland
(e)
15.8
84.2
129
0.122
Finland
14.9
85.1
115
0.130
Sweden
(e)
16.7
83.3
127
0.131
Lithuania
9.2
90.8
66
0.139
Switzerland
22.8
77.2
158
0.144
Denmark
(e)
18.4
81.6
126
0.146
France
(e)
16.2
83.8
109
0.149
Slovenia
(e)
13.2
86.8
84
0.157
Austria
21.1
78.9
129
0.164
Poland
10.9
89.1
65
0.168
Italy
(e)
17.2
82.8
100
0.172
Belgium
(e)
20.5
79.5
119
0.172
Spain
19.0
81.0
99
0.192
Cyprus
(e)
18.3
81.7
95
0.193
Portugal
(e)
15.2
84.8
78
0.195
Malta
(e)
18.3
81.7
86
0.213
Greece
(e)
18.4
81.6
79
0.233
Estonia
(e)
15.9
84.1
67
0.237
Croatia
(d)
15.4
84.6
61
0.252
Slovakia
22.7
77.3
73
0.311
Czech Republic
25.6
74.4
80
0.320
Latvia
21.6
78.4
59
0.366
Romania
(e)
18.3
81.7
47
0.389
Bulgaria
(e)
19.4
80.6
46
0.422
Hungary
(e)
36.6
63.4
66
0.555
Macedonia
(e)
24.5
75.5
35
0.700
Turkey
(e)
40.6
59.4
52
0.781
Note: e=estimated d=definition differs u=computed from other source (no letter)=official data
Source: Eurostat (2013a, 2013b) and RITA (2013)

We can plot a scatter graph of transit mode share versus GDP per capita to see if there
is a trend. The graph is provided in Figure 1.3
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Figure 1.3 Mode share of transit for countries in Table 1.1
Source: European Commission (2013a, 2013b) and RITA (2013)

It can be seen from the above table that there have to be also other factors influencing
the mode share. We can see that rich countries have smaller transit share/GDP ratios than poorer
ones. Therefore we can say that there is strong evidence for rejecting the hypothesis connected
with the Environmental Kuznets Curve.
Transit modal split can be very different for two cities in the same country. For example,
in New York, the mass transit constitutes 23% of all trips (U.S. Census Bureau 2010; NYDOT
2009) but in El Paso, Texas it is only about 2% (El Paso MPO 2012). High transit mode shares
are reached in following European cities: Madrid 40% (EMTA 2012), Paris 34% (EMTA 2012),
Prague 43% (TSK HMP 2013), Vienna 36% (Wiener Linien 2010).
Some cities in South America recently implemented Bus Rapid Transit (BRT) systems
and it seems to be the ideal mean of transit for large cities in developing countries. The transit
modal splits for Curitiba, Brazil is 45% (ICLEI 2011) and the TransMilenium BRT system in
Bogota, Columbia constitutes 62% of all journeys (Camara de Comercio de Bogotá 2008).
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These are proves that appropriate transportation planning combined with modern ideas and the
sufficient investment can lead to good transit mode share in cities.
According to the International Association of Public Transport (UITP 2009), urban
passenger transportation produces about 34% of CO2 emissions due to transportation in 27
European Union countries (EU-27) and 8.5% of total CO2 emissions in EU-27. From this
amount (transportation related CO2 emission), only 10% of CO2 is produced by public
transportation and the rest is caused by passenger cars. This CO2 production ratios are similar
at the global scale.
In Figure 1.4, the relationship between CO2 emissions from passenger transportation
and mode share of transit, walking, and cycling is shown. It can be seen that in North American
cities, where mode share of cars exceeds 70%, the level of CO2 emission from passenger
transportation per capita is bigger than in European or some Asian cities such as Tokyo, and
Hong Kong.
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Figure 1.4 CO2 emission from passenger transport: correlation between mobility pattern and
CO2 emission
Source: UITP (2009)

From Figure 1.4, we can infer that using public transportation in cities is in general more
environmental friendly than using passenger cars. The services provided by public
transportation have to reflect the demands in the city in order to be successful. Public
transportation is partly financed by public sources and therefore the investment should be done
smartly.
This thesis focuses on public transportation systems with a view on sustainability. To
attract the market (ridership), public transportation should provide a comparable alternative to
passenger car in terms of travel time, price, and comfort. It seems to be more reasonable for
cities to invest funds in public transportation than to build new roads and then solve big
environmental issues like air pollution, noise, vibrations, and all other negative externalities.
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1.2

Thesis Objectives
The thesis has the following objectives:
1. To review the problem of urban congestion and its externalities;
2. To review different sustainable public transportation systems and its role in solving
urban traffic congestion;
3. To develop a model of demand estimation for sustainable public transportation
including Service Equity Analysis (SEA);
4. To demonstrate the application of the demand estimation model and SEA using real data
along a major transit corridor in El Paso, Texas;
5. To provide recommendations for decision makers for easier implementation of the
proposed demand estimation model in cities, including European cities.

1.3

Thesis Outline
This master thesis is organized into following chapters:


Chapter 1 deals with the introduction and research objectives.



Chapter 2 reviews transportation problems in large cities, including congestions and
negative traffic externalities. The conflict between private cars and transit is presented
as well as basic public transportation concepts.



Chapter 3 provides the definition of sustainable public transportation, reviews public
transportation systems in large cities and literature closely connected to sustainable
transportation.



Chapter 4 proposes the model of demand estimation for sustainable public
transportation in large cities and describes all its features as well as procedure and
requirements for SEA.



Chapter 5 applies the proposed model in a practical case study. The proposed BRT along
the Alameda corridor in El Paso, TX is used for this case study.
8



Chapter 6 concludes this thesis and shows some potential opportunities for future work.
This chapter also summarizes all requirements which are needed for implementing the
demand estimation procedure or similar ridership estimation model for sustainable
transit in other cities, including European cities.

9

Chapter 2 Current Transportation State in Large Cities
2.1

Overall Situation
Probably every city in the world has its own transportation policies for parking,

infrastructure planning, public transportation, and many others. Traffic problems in the
different cities differ a lot, but in general all cities have issues with the high level of passenger
cars in their streets which is caused by increasing transportation demand and/or insufficient
level of public transportation.
2.1.1 Congestions
This issue of congestion occurs especially in the morning and afternoon peak hours. The
difference between peak and off-peak hour’s traffic congestion differs among cities (TomTom
2012a, 2012b). These studies also present the average delay per hour driven in peak hours and
the total annual delay of an imaginary 30 minute commute.
Table 2.1 shows the situation in selected cities in North America and Europe. The
percentage shows the difference between travel time during non-congested periods and travel
times in peak hours. For example a driver can take a trip which takes 30 minutes in noncongested period and but in morning peak hours it takes 46.8 minutes (an increase of 56%
caused by morning peak hour congestion). The studies are based on real data from users of
navigation systems.
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Table 2.1 TomTom Congestion Index for selected cities
Delay per
hour driven
Morning Evening in peak
Peak
Peak
period

Ranking within
the continent
by average
Annual congestion
delay delay

City

Country

Los Angeles

USA

56 %

77 %

40 min

92 h

1

Vancouver

Canada

51 %

65 %

34 min

83 h

2

Houston

USA

41 %

65 %

32 min

80 h

8

New York

USA

32 %

41 %

22 min

61 h

15

Calgary

Canada

17 %

22 %

11 min

35 h

16

Detroit

USA

18 %

28 %

14 min

43 h

25

Istanbul

Turkey

84 %

125 %

64 min

118 h

1

Warsaw

Poland

93 %

91 %

55 min

110 h

2

Stockholm

Sweden

67 %

78 %

43 min

96 h

10

Vienna

Austria

58 %

53 %

31 min

78 h

12

Prague

Czech Republic

60 %

43 %

31 min

78 h

21

Madrid

Spain

41 %

30 %

20 min

57 h

51

Source: TomTom (2012a, 2012b)

From the table above we can see that in North American cities the congestions during
the evening peak are worse than in the morning peak. There is also a general conclusion that in
European cities the travel times during peak hours rise more than in American cities.
In the IBM 2011 Commuter Pain Survey (IBM 2011) more than 8,000 drivers from 20
cities worldwide were asked about the frustration of traffic, especially daily commuting. Drivers
in Los Angeles, Mexico City, India, China, Singapore, and Johannesburg listed stop-and-go
traffic as their biggest commuter pain. The respondents also perceive the negative impacts on
their health while 42% declared increased stress, 35% reported more anger and 16% respiratory
and sleeplessness issues. The results of this study are shown on the Figure 2.1.
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Figure 2.1 IBM Commuter Pain Index
Source: IBM (2011)

In Figure 2.1 we can see that the cities with higher Commuter Pain Index (value 65 and
more) are located in developing or less developed countries where the infrastructure and public
transportation is not able to endure the still rising traffic demand.
2.1.2 Externalities Caused by Traffic in Cities
Externalities are outputs impose by the system external to the main activity.
Externalities are split into two groups: positive and negative externalities. This thesis concerns
with the negative externalities which are created by passenger transportation in cities. There are
five basic negative externalities caused by traffic in cities: air pollution, noise, vibration,
accidents, congestion.
Transportation is responsible for 28% of total U.S. production of greenhouse gases in
2012. Over 90% of the fuel used for transportation is petroleum based, which includes gasoline
and diesel (EPA 2014a; Ribeiro 2007). In U.S., the National Ambient Air Quality Standards
(NAAQS) which is enforced by the Environmental Protection Agency (EPA) sets standards for
six main pollutants: carbon monoxide (CO), lead (Pb), nitrogen oxide (NOx), ozone (O3),
12

particle pollution (PM10, PM2.5), and sulfur dioxide (SO2). For each pollutant there is a limit
which should not be exceeded issued by EPA (2014b).
There are many studies confirming the connection between air pollution and health
issues like cancer (Chang 2009). The research study (Volk 2013) proved another negative
impact on human health: there is a connection between the level of autism occurrence and
concentration of NOx, PM25, and PM10 during pregnancy and during the first year of life. In
the survey there were 279 children with autism and 245 children with typical development. The
authors conclude that: “Children with autism were more likely to live at residences that had the
highest quartile of exposure of traffic related air pollution.”
The noise produced by traffic in cities causes serious health issues to the inhabitants.
This fact was proved by the Dutch study (Sørensen 2012). The team of researchers took a
sample of more than 50,000 people older than 50 years. In the sample there were more than
1,600 individuals who had the first heart attack between 1993 and 2006. The researchers
concluded that there is an association between long-term residential road traffic noise and the
higher risk of myocardial infarction. The higher traffic noise in residential areas is of course not
the only cause of the hearth attack but its impact is significant above 60 dB especially when it
is accompanied by smoking, alcohol, lower education, higher blood pressure and etc.
The vibrations caused by traffic have the direct impact on buildings along the roads.
Traffic vibrations are mostly caused by heavy vehicles like buses and trucks. The important
factor for its occurrence is the road surface condition which is influenced also by traffic
volumes.
The high concentration of vehicles on roads in cities brings traffic accidents. Each traffic
accident is connected with significant costs. The study prepared for American Automobile
Association (Cambridge Systematics 2008) evaluated the costs of accidents based on data from
American cities. The output is compared with costs of congestion for four different sizes of
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cities according to number of inhabitants (very large: over 3 million, large: over 1 million less
than 3 million, medium: 500,000 to 1 million, small: less than 500,000). The comparison of per
person costs is shown in Figure 2.2. The total cost of accidents in cities was $164.2 billion
which was nearly two and half time more than $67.6 billion for the cost of congestion.

Figure 2.2 Per person cost of crashes and congestion
Source: Cambridge Systematics (2008)

The way to reduce the externalities is to decrease traffic volume in the cities. In order
not to decrease the number of trips, the strategy is to change the mode share in favor of public
transportation. The alternative combustion systems (fuel cells, electric cars) can only decrease
air pollution but just in the cities, because the energy has to be produced somewhere.
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2.2

The Conflict of Individual Mobility and Public Transportation and its Different
Solutions

2.2.1 Historical Background
There was a rapid growth of city populations along with industry revolution because of
workers moving from county to work in the factories. This phenomenon was the reason for
building new residential districts where inhabitants had the need of daily commute to factories.
The cities or private companies started to solve this problem by implementing the first primitive
public transportation systems provided by omnibuses. The first horse-drawn omnibus lines in
London and Prague were established in 1829. The first underground rail road in the world was
opened in London in 1863. In Prague, the first horse-drawn tramway line connecting city center
(national theatre) and Karlín was opened in 1875.
The situation did not change a lot when the automobile was invented because only rich
people could afford one. But the car manufacturers were thinking about how to produce cheaper
cars and sell more of them. Also the standard of living was rising during the 20th century. The
combination of these two factors contributed to the fast growth of degrees of automobilization
and motorization in the second half of 20th century.
2.2.2 Level of Motorization
In Figure 2.3, the motorization rates for EU countries are shown. Higher car market
penetration can be observed in rich countries with higher GDP per capita like in Germany and
France where almost all regions exceeds the level of 0.5 car per inhabitant.
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Figure 2.3 Degree of motorization in EU NUTS II regions
Source: European Commission (2012)

The rapid growth of motorization caused a big decline in public transportation usage.
Because of increasing transportation demand the absolute number of passenger-km traveled by
public transportation has increased over the years but the mode share ratio has declined.
2.2.3 City Toll Systems
Cities all over the world are trying to find solutions suitable for their local conditions.
Some cities, for example London, Singapore and Stockholm have implemented toll systems.
Toll system is necessary in order to shift users from private passenger cars to public
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transportation, making the public transportation system more economically sustainable. The
experience from these cities are briefly described in following paragraphs.
Stockholm
The capital of Sweden had big problems with traffic congestion at the beginning of 21st
century with over half a million cars traveling into the city every weekday. By 2005, the average
commute times went up by 18% from the year before. In 2006, the city with the Swedish
National Road Administration and private companies established a road charging system. The
goal was not only to reduce congestion, but to encourage benefits, such as improving public
transportation use and protecting the environment. The government’s plan was to use revenue
from the toll collected to complete a bypass around the city. The road charging system has made
a real impact. In the end of the trial (after six months) traffic was down nearly 25%, 40 thousand
more travelers used public transportation and the emissions dropped about 8-14% in the city
center (IBM 2007).
London
Since February 2003, London has been charging a fee for driving private vehicles in its
central area. It was the first congestion pricing system in a large European city. Drivers have to
pay a fee on weekdays from 7:00 a.m. to 6:00 p.m. if they enter the Central London. There are
special discount programs for motorcycles, taxis, disabled people and residents. (Transport for
London 2013)
Road users can pay for individual entrance or buy weekly, monthly, or annual passes.
Payments could be done via mobile phone, internet or machines. When the vehicle enters the
charging zone a camera at the boundary of the zone recognizes the vehicle registration plate
and the system matches the number with the pay list. The system is considered effective (Litman
2011). Approximately 110,000 motorists a day (98,000 individual drivers and 12,000 fleet
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vehicles) pay the congestion charge of 10 GBP/day, from Monday to Friday between 7:00 a.m.
and 6:00 p.m. However, the fee is not based on distance travelled and is the same the whole
day. Therefore it is not used as a tool for traffic management.
Singapore
Singapore implemented the first Electronic Road Pricing (ERP) system in the world in
1998. The target was to decrease the number of cars in the city center during peak hours and to
promote transit. Different rates are used during different periods of a weekday. Before the ERP
system there was a manual road pricing system called Area Licensing Scheme which was
launched in 1975. Drivers had to buy an area license (window sticker) to enter the Restricted
Zone during morning and evening peak hours. The ERP system started on weekdays with 33
gantries in September 1998. The principle is based on on-board unit with a slot for smartcard.
The payment is made via stored value on the smartcard. According to Menon (2010) the system
met the expectations as the traffic volumes dropped by about 15% during rush hours and the
speeds increased from 35 to 55 km/h.
2.2.4 Integrated Transportation Systems
The first integrated system of public transport in the world was established in 1965 in
Hamburg as The Hamburg Transport Association (HVV). The aim of this union formed by
three companies was simple: one timetable, one tariff and one ticket for Hamburg and
surrounding municipalities. In 1967 the city government entered HVV and started to be an
organizer of the system (Štěrba 2005a).
According to Štěrba (2005b) there are four fields of integration which are necessary for
the implementation:


Fare integration – implementation of the unique fare system which allows limited or
unlimited number of transfers in a time period. One ticket is valid for all modes of
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transportation and routes. Basically, two types of zone systems are used: in one large
city surrounded by smaller ones the ring-shaped zones and in more comparable cities
the honeycomb-shaped zones. The difference between ring-shaped and honeycombshaped zones can be seen in Figure 2.4.

Figure 2.4 Ring-shaped (Prague Integrated Transport) and honeycomb-shaped (IDS IREDO)
zonal fare system
Source: ROPID (2013) and OREDO (2014)



Transportation integration – ensuring easy transfer between different modes and
routes regardless of the operator. The system time table has to be simple for passengers
with the same service headway.



Information integration – containing the unique marketing appeal of stations,
vehicles, and visual form of timetables. It should also include web-based trip planning
or application for smartphones.



Organizational and economic integration – addressing institutional issues. This part
is not visible to passengers but it is necessary for every integrated system. The
authority signs contracts with operators which includes specifying the division of
revenues among carriers.
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This conception of integrated public transportation systems is now quite common in
almost all developed European countries including the Czech Republic. These systems were
created to increase the mode share of public transportation and to use the subsidiaries (paid
from taxes) more efficient. The biggest advantages of integrated system implementation are:


better coordination of timetables which leads to better connections between
lines;



creation of new hubs;



increase of service frequency;



elimination of competition between different modes of transportation or carriers;



the possibility to create a multi-layer network of lines; and



introduction of unique quality standards for the whole system (which helps to
increase the attractiveness for passengers).

2.2.5 Synergy of Private and Public Transportation
In many large cities around the world, synergistic projects between private and public
transportation have been introduced. This synergy is usually based on combined concessionary
fare for parking and using public transportation. This system is called Park & Ride (P&R) and
it leaves the advantage of individual mobility to its users but on the other hand it does not burden
the roads in the city center, because commuters can use the frequent service of reliable light
rail, BRT or other public transportation modes. The P&R facilities are located close to the high
capacity means of transit or directly as a part of public transportation intermodal stations.
The other synergic system allowing dropping off or picking up is called Kiss & Ride
(K&R). This system does not necessarily have its own facility, as it requires only short-term
parking spaces on the side of road.
For example, a commuting couple from a small village or suburb near a large city can
take their own car, commute to the local transit station. One passenger gets dropped off at the
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K&R station and he/she can use public transit to get to the city. The whole process of personal
logistics should be done using only one ticket.
A synergic system consisting of non-motorized individual mobility (cycling) and public
transportation is called Bike & Ride (B&R). This system is realized in many American cities to
promote cycling and that is why there is no bicycle parking charge in many transit stations. City
buses and mass transit vehicles are also equipped by bike racks which are easy to operate for
passengers. Many European cities also have the joint policy for cycling and public
transportation. For example in Prague passengers can take bicycle into underground mass
transit system, on ferries and on weekends, and in off-peak hours also to selected parts of the
streetcar network (ROPID 2014a).
2.3

Public Transportation Concepts

2.3.1 City without Public Transportation
Public transportation seems to be a typical and integral part of cities. It is impossible to
imagine life without public transportation in the cities. On the other hand, in Arlington, TX
(population 375,000 as in 2010) there was no public transportation until the first transit route
named MAX connecting the University of Texas at Arlington (UTA) campus to a commuter
rail station in 2013 (Barry 2013).
A city without public transportation brings a big limitation for captive riders whose
mobility is limited. There are only few non-motorized alternatives to driving such as walking
and cycling. Both of them require the appropriate infrastructure to be used widely. It is not
expected that a city which does not organize public transportation will invest in outstanding
sidewalks and bicycle paths. The result of these facts is almost 100% mode share of driving
which brings emissions, congestions and issues with parking. The social, environmental, and
operational dimensions are the main factors why the concept of city without public
transportation is not suitable for livable cities in the 21st century.
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2.3.2 Concept with one system in the city
The basic concept of public transportation consists of only one system. This system is
normally represented by only one mode of transportation with the same operational and
technical features including one fare system. The common case is the network consisting of
local bus routes operated mostly by only one carrier. The uniqueness of mode should be
considered from the passengers’ point of view. Cities where nearly the same buses operate local
and BRT routes do not belong to this one system concept. On the other hand there are cities
where buses and trackless trolleys are simultaneously used on the same roads with the same
level of traffic preferences and other operational and technical attributes. This is for example
the case of Hradec Králové in the Czech Republic where five trackless trolley and 21 bus routes
are operating (DPmHK 2013). Although according to the Czech law the trackless trolley
belongs to rail vehicles (Česká republika 2014), from the operational point of view we should
treat this public transportation as only one system. Both modes share the fare system,
infrastructure, stops, and the vehicle design is also almost the same. The only difference is in
the propulsion system.
The case of El Paso, Texas with the population of about 672,000 (U.S. Census 2014)
shows that in U.S. this concept is implemented also in larger cities. Generally in EU, this system
is operated in smaller cities up to 100,000, inhabitants. For example in Czech Republic the
largest city without rail layer is Ústí nad Labem with population of 95,000 (ČSÚ 2012).
The biggest advantages of one system approach using buses are lower investment costs
and higher flexibility. The investment costs are connected only with buses and bus stops. The
bus lifecycle differs but in general is the shortest among all public transportation vehicles. The
routes can be adjusted easily according to construction works, political decisions, or ridership
changes.
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The concept with one system is in general more suitable for smaller cities with balanced
traffic flows in the whole network. In the network there can be transfer stations and common
headway between routes. If there are strong differences among directional demands in the city
buses with higher capacity (e.g. articulated buses) may be used in one direction or operate at a
higher frequency. This concept is not suitable for larger cities because of long travel times and
network complexity.
2.3.3 Concept with Multiple Systems in the City
The highest development level of public transportation in large cities consists of
different subsystems with the aim to create the synergic effect. These systems are usually
represented by different modes and they are suitable if the basic network provided by one type
of bus service is not enough to fill the requirements. Subsystems with higher travelling speed
and lower number of stops are added to the basic network. There exist many different versions
of interconnected multiple public transportation systems in a city and adjacent areas.
An example is the first case where in most large European cities travelers can take an
express connection between the airport and the main train station in the city. The requirements
of many stops along the corridor would not be necessary. That is why the service with higher
capacity and low travel time should be implemented. Both conditions are usually fulfilled by
express light and/or conventional rail service. In Amsterdam, the Netherlands, the rail service
between Schiphol airport and Amsterdam Centraal is provided every 15 minutes with the
approximate travel time of 18 minutes (NS 2013).
The concept of multiple transit systems in the city is a special case of hub and spoke
principle. On the way to work a commuter may use bus as the feeder to get from the residential
area to access a higher capacity mode, such as subway, streetcar, light rail, or BRT. This mode
should be used for as big part of the journey as possible because it usually has higher travelling
speed. If it is necessary the bus service can be used for the last mile to get to the final destination.
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We can divide concepts with multiple systems from different points of view. We can
for example take into account the number of different subsystems which are involved. The
simplest multiple system is then created by two subsystems. In U.S. they are usually BRT and
local buses. In European cities, the second subsystem varies more and streetcar, light rail, and
BRT occur most often.
Even in Europe not all large cities have subsystems. The number of operating systems
also has a strong connection with the historical development, the level of political support and
other characteristics of the city. For example in Prague (about 1.2 million inhabitants) there are
seven different subsystems: subway, streetcars, trains, local buses, regional buses, ferries, and
cable car. The trackless trolley network was canceled in 1972 (TSK HMP 2013).
An integrated system must also focus on the interconnection of the city and its adjacent
regions. As a part of integrated public transportation the adjacent region should be fully
integrated to improve the service quality for commuters. The commuter trains and regional
buses should be part of the system and transfer centers for city and regional public
transportation should be built.
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Chapter 3 Sustainable Public Transportation
3.1

Definition
The fundamental definition of sustainability was formed in 1987 by the World

Commission on Environment and Development (the Bruntland Commission). According to the
WCED (1987) the term sustainable development is defined as “meeting the needs of the present
without compromising the ability of future generations to meet their own needs. It contains
within it two key concepts:


the concept of needs, in particular the essential needs of the world's poor, to which
overriding priority should be given; and



the idea of limitations imposed by the state of technology and social organization on the
environment's ability to meet present and future needs.”
Voigt and McCombs (2010) offered the definition of transportation sustainability: “the

ability to meet the needs of the present generation to provide for the movement of people and
goods from one location to another without compromising the ability of future generations to
meet their own needs.” The authors also consider the role of Intelligent Transportation Systems
(ITS) and traffic engineering on sustainable transportation. They emphasized four key goals:
reduce vehicle emissions, reduce vehicle miles traveled, ITS and traffic engineering
applications supporting sustainability, and ITS and advanced technologies. The reduction of
vehicle miles traveled consists of improvement in transit service and its infrastructure
expansion.
The more straight definition mentioned in Alan E. Pisarski’s article (Pisarski 2010) is:
”The ability to meet the needs of society to move freely, gain access, communicate, trade and
establish relationships without sacrificing other essential human or ecological values or in the
future.”
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Transportation sustainability is important in EU; that is why the sustainable transport is
the third priority of EU Priority Program. The headline indicator in the EU methodology uses
energy consumption of transport accompanied by three following sub-themes: transport growth,
transport prices, social and environmental impacts of transport. According to the Review of the
EU Sustainable Development Strategy (Council of the European Union 2009) EU policy should
cover different aspects of sustainability. The study says that fossil fuel dependence of public
transportation sector should be decreased and other alternative ways should be used.
The European Ministers of Transportation (ECMT 2004) selected the definition
originally created by the Canadian Centre for Sustainable Transportation (TCST 2005) which
is taking specific transportation issues into account. According to this definition, sustainable
transportation system:


“Allows the basic access and development needs of individuals, companies and
society to be met safely and in a manner consistent with human and ecosystem
health, and promotes equity within and between successive generations.



Is affordable, operates fairly and efficiently, offers a choice of transport mode
and supports a competitive economy, as well as balanced regional development



Limits emissions and waste within the planet’s ability to absorb them, uses
renewable resources at or below their rates of generation, and uses nonrenewable resources at or below the rates of development of renewable
substitutes, while minimizing the impact on the use of land and the generation
of noise.”

All the definitions above deal with the phenomenon of permanent destruction of the
planet and preserving it for next generations. Some of them express the need of the planet’s
ability to absorb emissions.
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To sum all the definitions up, sustainability means that mobility needs should be
satisfied but by the most environmental friendly way which may result in compromising
comfort and costs for passengers or carriers.
If all the above mentioned ideas are incorporated the definition of sustainable public
transportation in large cities is: sustainable public transportation is the ability to satisfy mobility
needs of people in cities in the most accessible and available way using a dense multilayer
interconnected network with special attention to low emission impact in the city. Low emission
public transportation systems and vehicles should be used. The main target of sustainable public
transportation should be its higher mode share which means the lower mode share of
environmental unfriendly modes.
3.2

Transit Oriented Development

3.2.1 Definition
According to Transit Cooperative Research Program (TRB 2002) Transit Oriented
Development (TOD) has been utilized as a means of redressing issues like traffic congestion,
air pollution, urban sprawls, and affordable housing shortages.
The Victoria Transport Policy Institute (VTPI 2013) suggests that TOD refers to
residential and commercial centers designed to maximize access by transit and non-motorized
transportation and to change the mode share. Typical TOD has the transit station at its center,
surrounded by high-density development and with progressively lower density development
spreading outwards one-quarter to one-half mile, which represents pedestrian walking
distances. According to Renne (2009), TOD design should have following features:


The neighborhood is designed for cycling and walking;



Streets have good connectivity and traffic calming features;



mixed-use development combining public services and housing;
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Parking management to reduce the areas devoted to parking compared with
conventional development; and



Transit stops and stations that are convenient, comfortable and attractive for
passengers including waiting areas, venders, washrooms;

3.2.2 Transit Oriented versus Transit Adjacent Development
Transit Adjacent Development (TAD) can be characterized as automobile-oriented
development located near transit stations. The list of differences between TOD and TAD is
shown in Table 3.1.

Table 3.1 Transit oriented versus Transit adjacent development
Transit Oriented Development








Transit Adjacent Development

Grid street pattern
Higher density
Limited surface parking and efficient
parking management
Pedestrian- and bicycle-oriented design
Mixed housing types, including multi-family
Horizontal (side-by-side) and vertical
(within the same building) mixed use
Office and retail, particularly on main streets









Suburban street pattern
Lower densities
Dominance of surface parking
Limited pedestrian and cycling access
Mainly single-family homes
Segregated land uses
Gas stations, car dealerships, drive-through
stores and other automobile-focused land
uses

Source: Renne (2009)

According to Wright (2004) TOD can provide large benefits for market activities and
property values along the transit corridor. Higher concentration of these places along the
corridor can decrease the number of transfers and make the transit more attractive for potential
passengers. Connecting places of high concentrated market activities with transfer points which
allow integration brings also higher potential ridership.
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3.2.3 Example of TOD
Blue Line (Charlotte Metro Area, North Carolina)
The light rail route Blue Line is the first light rail in Charlotte’s public transportation
system LYNX. The 9.6-mile line connects South Boulevard to Uptown Charlotte. Of the 15
stations seven are equipped with P&R service. The line operates from 5:00 a.m. to 1:00 a.m. on
weekdays and from 5:45 a.m. to 10:30 p.m. on weekends with headways from 10 to 30 minutes
(CATS 2013). The study of the Center for Transit-Oriented Development (CTOD 2011) takes
into account land parcels in half mile radius from all stations. “The majority of the land in Blue
Line

station

areas

is

in

low-density

residential

neighborhoods

(34

percent),

industrial/distribution areas (28 percent), and auto-oriented commercial corridors (23
percent). Together, these three development contexts comprise 85 percent of land area along
the Blue Line. Downtown Charlotte (Uptown) represents about 10 percent of land area.”
From 2005 to 2009, 68% of development took place in Uptown Charlotte, which is the
only major employment center along the line being categorized as downtown/urban business
district. About one fourth of development took place in relatively low-density areas, including
auto-oriented

commercial

corridors,

low-density

residential

neighborhoods,

and

industrial/distribution areas. The distribution of new development projects in Blue Line station
areas are shown in Figure 3.1.
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Figure 3.1 Blue Line Charlotte: Development by development context
Source: CTOD (2013)

Subway line C, Prague, Czech Republic
The last extension of subway line C in Prague brought three new stations in the northern
part of the city in 2008. The aim was to connect big developments of Střížkov and Prosek to
the high capacity mode. Before the line extension the area was served only by bus which was
able to satisfy the transit demand. The terminal station Letňany was designed in the green field
area among Prosek, Letňany, and Kbely districts with the aim to start development including
big exhibition grounds. In Figure 3.2 we can see the situation in 2013. In the half mile radius
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there has not been any new development project. Commuters from Kbely and Letňany still have
to use buses to get to the subway stations and therefore the ridership is so low that alternate
outbound train service terminates at Ládví station. The poor ridership along the whole extension
is also caused by the fact that for getting to the city center it is faster to use the combination of
bus and subway line B from Vysočanská.

Figure 3.2 Northern extension of subway line C

This experience shows how important it is to analyze the reality and alternatives from
different points of view in the planning phase. Otherwise there can be huge investment (15.5
billion CZK in this case) (IPR HMP 2013) in infrastructure extension but brings hardly any
additional value for commuters who prefer buses and route B or their own cars.
3.3

Different Modes of Public Transportation and their Roles in Sustainable System
As it was mentioned in section 2.3 there are public transportation concepts consisting of

one or more systems. These systems are usually represented by different ways of operation or
by different modes. Each mode has its own role in the system. The role is influenced by the
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mode’s characteristics like passenger capacity, cruise speed, required infrastructure, flexibility,
negative externalities, and investment costs. Each mode has its own pros and cons and the target
should be to use proper mode on proper routes that met the travel demands. Across the world
there are following main transit modes: subway and urban railroad systems, streetcars, BRT,
and local buses. There can be also other modes like ferry or cable cars. Occurrence of these
alternative modes is usually influenced by historical or natural conditions in the city.
3.3.1 Rail Transit
The rail transit mode offers the highest capacity among all transit modes and is suitable
for the biggest passenger flow. Rail transit is more popular in Europe than in U.S. There is
hardly any city above 0.5 million inhabitants in EU without rail transit. On the other hand in
the New York region the largest carrier Metropolitan Transportation Authority (MTA) – New
York City Transit carries more than 50% of the U.S. rail totaling 5.4 billion passengers per year
(TRB 2013). The advantages and disadvantages of rail transit are summarized in Table 3.2.

Table 3.2 Pros and cons of rail transit







Advantages
high capacity
higher travel speed
can use contemporary railroad infrastructure
provide high capacity commuter connection
of city and region
the most sustainable (if we consider average
emission per passenger)
operation is not disturbed by other modes







Disadvantages
high investment costs
longer construction duration
lower flexibility
whole route stuck when one train stuck
issues with capacity and operation
organization in case of mixed operation
using one track

Heavy Rail
According to TRB (2013) heavy rail is characterized by fully grade-separated rights-ofway, high-level platforms, and high-speed, electric multiple-unit cars. The heavy rail systems
in Europe offer the highest speed and the highest capacity among all modes. Good examples
can be found in Berlin and Madrid. These systems were developed using the old railroad
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infrastructure by reshaping it and creation of new stations. Usually the heavy rail corridors are
led on the ground but especially in city centers underground sections or stations are common.
The operating characteristics of heavy rail usually include short service intervals and
longer trains with adjustable number of cars.
In Berlin, the heavy rail (S-bahn) is operated by the national railroad operator on 15
routes. Two of them (S41, S42) are circulator routes around the city center. S-bahn routes do
not share infrastructure with other service but there are transfer stations which allow fast and
comfortable transfer to other trains and other public transportation modes. The additional rail
network is provided by 10 subway routes (U-bahn) with shorter distances between stops and
slightly lower onboard capacity. The city of Berlin, like many other German cities, is strongly
dependent on rail transit and P&R system. The scheme of Berlin rail transit network consisting
of heavy rail, subway, and commuter rail is shown in Figure 3.3.

Figure 3.3 Berlin rail transit network
Source: S-bahn Berlin (2013)
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Subway
Usually subway systems are implemented only in cities above 1 million inhabitants
(Kočárková 2009). Most of the subway is in tunnels with underground stations. The route
crossings are grade separated and there are usually transfer stations close to the crossings. As
the lines have been extended to suburbs the need of building expensive tunnels decreases and
there are usually ground sections. Some newer subway systems (Copenhagen, Denmark) uses
fully automated operation including automatic platform door opening. The operating
characteristics do not differ a lot from heavy rail but in cities where both modes are used it
usually has shorter trains, with slightly lower capacity and speed.
Light Rail
The gap between streetcars and expensive heavy rail has been filled by Light Rail
Transit (LRT). This concept was developed to combine the pros of all rail systems with lower
investment costs. LRT is a modern mode which is now being implemented in many American
cities (Austin, Texas; Charlotte, North Carolina; etc.). It is versatile and according to TRB
(2013) it can be separated from other traffic below grade, at-grade, or on an elevated structure,
or together with motor vehicles on the surface. Service can be operated with single cars or
multiple-car trains. Electric traction power is typically obtained from an overhead wire or diesel
propulsion system can be used. LRT usually has lower capacity and longer headway between
services in comparison with subway or heavy rail.
Commuter Rail
Commuter rail high capacity and higher travel speed mode for daily commute.
Commuter rail is usually long-distance rail service sharing the infrastructure with other longdistance services. In 2011, 27 commuter rail services were in operation in U.S. and Canada, an
increase of seven from 2000 (TRB 2013). There are usually regional bus feeder routes reaching
commuter rail stations as well as P&R and K&R. This concept is also typical in European
countries, especially in Germany, Austria, the Netherlands, the Czech Republic (Prague).
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Operation characteristics differ a lot according to the demand. Some routes operate the whole
day with short headway (30 minutes and 15 minutes at peak hours) and some of them operate
only during peak hours. The advantages are high capacity (usually double decker cars are used),
speed, sustainability (especially in cities), decrease of congestion at city centers.
3.3.2 Streetcar
According to TRB (2013), streetcar belongs to rail transit. The fact is, streetcar uses rail
infrastructure but the operating characteristics are quite different from rail transit. This mode
usually shares streets with cars and the aim of streetcar mode among transit mode is specific.
That is why this thesis considers this mode as a special category.
In the past, streetcar was the most important transit mode and the boom of its use
occurred at the end of 19th century. At that time streetcar was the only way to travel fast through
the city and new developments were built along the corridors. With the implementation of rail
transit, buses and private cars the significance of streetcars declined, the networks were reduced
or service was canceled. This is the case of El Paso, Texas as well as Ústí nad Labem in the
Czech Republic. The following table summarizes the advantages and disadvantages of
streetcars.

Table 3.3 Pros and cons of streetcar mode
Advantages






low energy consumption
transit signal priorities
higher capacity than buses
no direct emissions
less noise exhalation than buses

Disadvantages





rail network and energy supply network
required
higher investment cost
can get stuck in traffic jams
not variable

Barcelona
In the last decades, Barcelona, Spain experiences a little reborn of streetcars, where six
routes are operated on two segments of former network (TRAM 2014). The construction works
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began in June 2001 and the service started in April 2004. New barrier free and energy efficient
cars were implemented. Streetcar is now the mode of transit which consumes the least energy
in Barcelona, because of the fact that streetcar running on rails consumes ten times less energy
that transporting the same weight on tires. The other advantage is that streetcar does not
generate emission or noise.
Prague
Streetcar network is very important for Prague. There are 21 routes operating during a
day and other nine routes at night. The network is quite dense with the total length of track
exceeding 142 km. The routes have tangential or radial pattern and at some sections they are
used as feeders for subway. Most lines are operated by two-car trains. The basic service
headway is 10 minutes and five minutes for the four main lines. All streetcar lines are operated
by The Prague Public Transit Company (DPP). Sharing of space with cars causes a lot of issues
especially in the city center. Only 52% of the track length, especially newer tracks to city
suburbs have separate right-of-way. Intersections and narrow bridges are frequently blocked by
cars.
The night service starts every day at midnight and ends around 5:00 a.m. There are nine
night lines and one transfer hub located in the city center (tram stop Lazarská) where all the
nine lines meet and passengers can transfer easily. All night lines are operated by one-car trains
in 30-minute service headway.
3.3.3 Bus Rapid Transit
Levinson (2003) defines BRT as a flexible, high performance rapid transit mode that
combines a variety of physical, operating and system elements into a permanently integrated
bus system with a quality image and unique identity. The aim of the system is to offer a mode
operated by buses but in the faster way with higher capacity and shorter headway between
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services. According to Machemehl, et al. (2009), there are seven major features which provide
differentiation between standard bus service and BRT:
1. Running ways;
2. Stations;
3. Vehicles;
4. Service patterns;
5. Route structure;
6. Automatic fare collection; and
7. Intelligent transportation system (ITS) aspects.
The pure BRT should include all seven features but many systems use only some of
them. The exclusive freeway lanes can ensure the operating speed and travel time reliability.
Sometimes the exclusive freeway lanes are implemented only in peak hours or are mixed with
shared lanes on arterial streets.
Stations and vehicles should create the image of the BRT system. There are the most
visible parts for the passengers. Stations can be equipped by high-platform entry, shelters, ticket
vendors and other amenities. Specialized BRT vehicles (Boston, Las Vegas), articulated
(Albuquerque, Bogota), or bi-articulated buses (Curitiba, Hamburg, Aachen) may be used. Both
stations and vehicles should be accessible for disabled passengers and the design should allow
fast alighting and boarding to minimize the time at stations. Some of the systems operate on
more sustainable power systems, like compressed natural gas (CNG), liquidized natural gas
(LNG), or diesel electric hybrids (Las Vegas).
BRT can provide a relatively high capacity mass transit with the lowest investment cost.
In Machemehl, et al. (2009) three following basic scenarios are recommended for U.S. cities.
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Limited Phase: Basic BRT Elements
Limited phase of BRT deployment represents the cheapest and technically least
demanding way of implementation. The outcomes can be satisfactory but most likely there will
not meet all the passenger expectations. In this phase some ITS, improved fare collection
system, and signal priority systems are included. This phase usually does not bring separated
freeway lanes or equipped stations.
Moderate Phase: BRT
The moderate phase brings the same as limited phase as well as some additional features
like integrated network of routes and corridors, convenient and comfortable stations with level
access to vehicles. Some stations can be realized as transfer hubs among different modes of
public transportation and P&R. This phase also include fare integration between routes,
corridor, and feeder services as well as pre-board fare collection and fare verification which
allow faster operating speed.
Aggressive Phase: Full BRT
The aggressive phase comes up with service fully comparable to rail transit including
high quality stations, integrated network of routes, high frequency and high capacity as well as
modern vehicles. According to Wright (2004) elements from moderate phase and following
ones are included:


segregated running ways over the majority of the corridor length



location of the bus lanes in the median rather than in the curb lane



distinctive marketing identity for system

The main advantages and disadvantages are summarized in the following table:

38

Table 3.4 Pros and cons of BRT
Advantages








Disadvantages


smaller investment cost in comparison with
light rail and streetcars
can use current roads (limited phase)
use exclusive freeway lanes which can be
excluded from current road (moderate,
aggressive phase)
higher operating speed and capacity than
conventional bus routes
more flexible than rail transit
can fast implementation
clean fuel (LNG, CNG) or hybrid vehicles
can be used





shorter vehicle life cycle (in comparison
with rail transit)
produce negative externalities in city:
internal combustion engines produce
emissions and vehicle produce noise and
vibration
limited implementation possibilities in
European cities

TransMilenio Bogota
The example of full BRT in the world is the TransMilenio system in Bogota, Colombia.
Bogota has more than 6.5 million inhabitants and before the BRT implementation in 2000 the
only transit mode was bus service. Officially there used to be more than 20,000 buses which
served more than 8.3 million person-trips per day in 1995 (Cracknell 2003). The city center was
congested heavily and there was a huge flow of more than 1,000 buses/hour/direction on a
single road.
The city promoted the first phase of BRT deployment while 41 km of segregated
busways were introduced on main roads.
The TransMilenio system includes three types of stations of different platform length
but all of them are designed for 18 m long articulated bus. Some of them can accommodate five
buses at the same time. Terminals and intermediate interchange stations are suitable for
transferring from feeder routes to BRT and the simple stations (sencillas) are located every 500
to 750 m. All station shelters have access doors that correspond to three sets of wide doors of
articulated bus. In 2009 bi-articulated buses with capacity of 260 passengers and length of
27.2 m were introduced (TransMilenio S.A. 2013)

39

Nowadays, there are 12 express services which stop only at a limited number of stops
and three local routes which operate at all stops. That is why some streets in the city have to
have two bus lanes in each direction which is shown in Figure 3.4.

Figure 3.4 TransMilenio roadway cross section design
Source: Cracknell (2003)

3.3.4 Local Buses
Bus transit is the most common public transportation mode in the world. If we consider
U.S. in 2011, more than 52% of passenger trips done by transit were done by buses (TRB 2013).
There are more than 1,200 bus transit systems in U.S. (APTA 2012). There are a lot of different
vehicles including double decker and articulated buses with capacity of around 150 passengers.
The aim of bus transit especially in European cities with more transit systems is to provide last
mile service and feeder services offering comfortable connection to rail transit or BRT.
In recent years, the bus fleet has changed in vehicle size and power systems. Both
phenomena are presented in Table 3.5.
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Table 3.5 Share of U.S. bus fleet according to bus size and power source
Share of U.S. Bus Fleet
Bus Size

2001

2010

3.0 %

5.7 %

Standard bus (>35 seats)

71.1 %

59.9 %

Small bus (25-35 seats)

11.6 %

16.5 %

Minibus (<25 seats)

14.3 %

17.9 %

2001

2010

Articulated bus (60 ft/18 m)

Power Source
Diesel

90.1 %

65.8 %

Natural gas (CNG, LNG)

9.0 %

18.6 %

Biodiesel

0.0 %

7.7 %

Electric and hybrid

0.1 %

7.0 %

Gasoline

0.4 %

0.7 %

Other

0.3 %

0.2 %

Source: FTA (2011) and APTA (2012)

Other trend for buses is the implementation of low floor buses. The low floor buses
increase the system accessibility for people with health issues and for parents with small
children in strollers. Another advantage of low floor bus are shorter boarding times. In U.S.,
the share of low floor bus increased from 20% in 1997 to more than 90% in 2010 (King 1998;
Dawson 2010) and the situation is similar in Europe. In Prague, there were 826 low floor buses
out of 1,242 buses in October 2013. It means the percentage around 67% which is much more
than 10% in 2000 (DPP 2013). The following table presents advantages and disadvantages of
local buses.

Table 3.6 Pros and cons of local buses
Advantages





flexibility
different bus sizes suitable for different
demand including low flows
low infrastructure and vehicle investment
cost
clean fuel (CNG, LNG) or electromobility
(hybrid, pure elecro bus) can be used

Disadvantages
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short vehicle lifecycle
relatively small vehicle capacity (not
suitable for big demand)
sharing the roads with cars
ecological impact (noise, emission,
vibration)

Electric Minibuses in Vienna
In 2012, the first of twelve fully electric buses, called eBus, was delivered to Vienna,
Austria. The municipality wanted to switch two minibus services into electric power in summer
2013. The eBus’s battery has a range between 120 and 150 km and the battery is charged at
terminal stations over small roof-mounted pantograph. The pantograph is connected to the wire
which is supplied from an accumulator which collects recuperated energy produced by
streetcar’s brakings on the crossroad not far from the station. The process of charging takes
about 15 minutes. The vehicle also recovers its braking energy. The advantage of this minibus
with overall capacity of 40 passengers are lower energy demand, lower maintenance cost, and
emission free operation. The vehicle itself does not produce any emission and it is almost silent
(Siemens 2012).
3.3.5 Other Means of Public Transportation
Trackless Trolleys
Trackless trolleys were introduced in the Section 2.3.2 as the mode which is according
to Czech law counted as a rail vehicle. Despite this mode is still operated in many European
countries as well as on other continents including North America (for example in San Francisco,
Vancouver), many of trolley networks have been closed and this trend will probably continue
with the boom of electric buses which can bring the same advantages (environmentally friendly)
without the energy supply network requirement. The disadvantage of trolleys in comparison
with buses is the route which is restricted by the network. The range can be improved by using
an accumulator or additional diesel engine producing electric energy for traction alternators.
But this is in fact the hybrid vehicle and not the pure trolley any more.
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Funicular, Cable Way
Cable way, funicular or arterial tramway are also public transportation modes. In some
cities (Prague, Barcelona, Dresden etc.) these modes are fully integrated among other systems.
They usually use electric energy for power so they do not produce any direct negative
externalities and are quite sustainable. The advantage of cable ways is the possibility to
overcome big height differences fast with only small right-of-way requirements. The
disadvantage of this mode is small capacity and route which is restricted.
Ferry
Because of many cities are built around rivers and the river usually makes the natural
obstacle. Transportation across the rivers can be overcame by bridges or tunnels but they are
expensive to build. Therefore ferries are sometimes used. The role of ferry differs a lot in
various cities. In some of them aim to provide additional possibility to cross the river at low
population density places which are far from bridges (Prague), but in some cities the role is
more important. For example in Amsterdam, three ferry routes provide the fast and frequent
connection between the main train station and Amsterdam-Noord district. The example of city
with important role of ferry and boat is Venezia in Italy where more than 20 waterborne routes
operate (ACTV 2013).
3.4

Mode choice
Mode choice (modal split) is usually performed as the third part of the four-step

transportation planning process, after trip generation and trip distribution. At the beginning of
this mode choice step, the numbers of person-trips between all pairs of zones are known and
the aim is to determine how many travelers will use each possible mode. There are different
ways on how to estimate mode choice which are introduced in this section. The output of the
mode choice step is the share of travelers for every zonal pair among each possible mode. The
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mode choice step is followed by traffic assignment which determines the routes which the
travelers will use.
3.4.1 Choice Set
All the possible modes and their combinations on how travelers can reach their
destinations from the origins are summarized in the choice set. An example of basic choice set
for travelers mode choice in cities can be seen in Figure 3.5. There are three basic groups of
mode choices: individual mobility (auto), transit, and no-motorized. These groups can be
combined and their combinations usually bring a positive synergy which is helpful for
sustainable transportation. Examples which were discussed in the previous sections are: kiss &
ride (K&R), park & ride (P&R) and bike & ride (B&R).

Figure 3.5 Choice set
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3.4.2 Mode Share Estimation Models
There are different ways of modal split estimation. The basic models are provided in the
following list:


trip-end modal-split models



trip interchange heuristics modal-split models



synthetic models



direct demand models



discrete choice models – multinomial logit model, nested logit, multinomial
probit

Logit
The Multinomial Logit model (MNL), which is generally known as the logit model, is
the simplest and the most popular practical discrete choice model (Domencich and McFadden
1975). This model uses disaggregate approach which means that the decision of each person is
modeled. The logit model uses the utility-based choice theory. Utility is an indicator of value
to an individual that means that is derived from the attributes of alternative modes. The utility
maximization rule states that an individual will select the alternative (mode) from a set of
available alternatives that maximizes the individual’s utility (Koppelman and Bhat 2006). The
utility function (3.1) for an individual i for mode m has deterministic (observable, systematic)
portion Vim and unknown (stochastic) portion εim which reflects personal preferences unknown
to the analyst:

𝑈𝑖𝑚 = 𝑉𝑖𝑚 + 𝜀𝑖𝑚

(3.1)

The deterministic part consists of the sum of products of attributes and their coefficients:

𝑉𝑖𝑚 = 𝑏𝑚,𝑜 + 𝑏𝑚,1 𝑧𝑖,𝑚,1 +. . . +𝑏𝑚,𝑛 𝑧𝑖,𝑚,𝑛
Where bm,o represents a mode specific constant or bias;
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(3.2)

bm,k is a parameter (coefficient) of attribute k of mode m. This parameter has to be calibrated
with survey data; and
zi,m,k is value of attribute (factor) k in individual’s i decision. This factor can represent different
quantities such as travel time, ticket fare, fuel price etc.;
The MNL gives the choice probabilities to each alternative as a function of the
systematic portion of the utility of all the alternatives (Koppelman and Bhat 2006). The general
expression for the probability of choosing an alternative m from a set of M possible modes is
presented in (3.3):
𝑒 𝑉𝑖𝑚

𝑃𝑖𝑚 = ∑𝑀

(3.3)

𝑉
𝑠=1 𝑒 𝑖𝑠

Geographic Information System Approach
Beside the most common logit model, there are also other possibilities on how to
estimate mode share. The approach using Geographic Information System (GIS) presents an
alternative for transit ridership estimation (Galicia and Cheu 2012).
The Transit Boarding Estimation and Simulation Tool (TBEST) was developed by
Florida Department of Transportation (FDOT) as an analysis tool which can simulate transit
ridership at the stops, route and direction levels. TBEST also simulates travel demand at
individual stops. The tool works with the ArcGIS program. There are two TBEST models: the
original one calibrated using data from Portland, Oregon and the newer TBEST Land Use
Model developed for Jacksonville, Florida (CUTR 2013). According to Galicia, et al. (2008),
planners may not apply this tool to other cities without parameter recalibration.
A suite of state-of-the-art software for transit service market evaluation called Transit
Tools has been developed by Cambridge Systematics Inc. Transit Tools are used to predict
impacts of service changes, identify factors that drive ridership, influence policies of local
authorities etc. Transit Tools has three components (Cambridge Systematics 2014):
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Transit Market Segmentation – identifies unique behavioral market segments
based on shared attitudes towards travel;



Service Planning Tool – forecasts ridership changes caused by changes in
service level and operational attributes; and



Competitive Index Tool – evaluates the transit potential for a local area or
corridor.

GIS-Business Analyst (GIS-BA) combines GIS-based analysis tool and visualization
capabilities with extensive data package including more than 1600 demographic and
socioeconomic variables for USA and Canada (ESRI 2009). Despite being designed for site
evaluation, market penetration, or customer profile, the tool can be used for travel demand
forecasting.
System Dynamics
System Dynamics (SD) is a modeling approach that allows analysts to perform
simulation of dynamic systems that involve many variables with feedback loops, some of which
the relationship may not be well defined (Sterman 2000). The approach developed by Jay W.
Forrester is now used in many fields of industrial problems, economic, public policy,
environmental studies, defense, management, and transit mode share.
The combination of SD approach was used by Galicia (2010) in his dissertation to
forecast BRT corridor ridership on Mesa corridor in El Paso, Texas.
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Chapter 4 Model of Demand Estimation for Sustainable Public
Transportation
4.1

Model Objectives
The aim of this chapter is to develop a model to estimate ridership in case of new transit

service implementation or when there are big changes. This model is developed to be
implemented in cities where public transportation is already in use, i.e., the current ridership
data which can be obtained from transit surveys. If we consider the standard four-step
transportation planning process, this model focuses on the third step (mode choice) and the
transit part of the fourth step (traffic assignment). The proposed model takes into account
demographic characteristics along the corridor and new service features. The final product of
the proposed model is in fact the output of transit assignment procedure: estimated riderships
for all routes, boarding and alighting counts for all stops, and a stop-to-stop trip matrix. The
outputs of transit assignment can be used for SEA. The following sections describe all the steps
and the features of the model.
4.2

Input Data
The model uses three groups of data: transit survey, corridor characteristics, as well as

all current and proposed service features. It uses GIS approach in part of the transit assignment
and therefore both existing route network and proposed transit network are required in GIS file
format.
4.2.1 Transit Survey
The aim of this sub-section is not to provide the overall description of transit survey, its
procedure and all considerations. Only the brief introduction and the short description of the
survey are provided here.
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As the model works only with transit modes and pedestrians approaching transit stops,
big travel demand surveys (including household surveys) are not necessarily needed. But in
general, the outputs of these surveys can be used if they are already done in the area.
The most suitable survey is the onboard transit survey. This survey can be done
automatically as the output of fare collection and fare verification system if this is implemented
transit system. A big advantage of this approach is the continuity and accuracy of the data. If
the system is not equipped with automatized fare collection or verification system, this survey
can be performed by physically counting people boarding and alighting the service at the stops.
This type of survey can be supplemented by an additional on-board survey which can bring
additional value through more detailed information about travelers in the area which will be
beneficial for SEA introduced later in this chapter.
In an ideal case, the survey should capture the Origin-Destination (O-D) pair of every
trip including transfers. If the survey can answer, for each trip, the question of exact origin,
destination, all transfer stops and terminals, it can be used for more realistic modelling in the
transit assignment procedure.
Regardless of the survey type the final output have to include an O-D demand matrix
indicating the number of trips between nodes, or stops as the input for the subsequent steps.
4.2.2

Corridor and Area Characteristics
The exact list of features required for mode choice model depends on the model itself.

The factors influencing mode choice may be basically classified into three groups (Ortúzar and
Willumsen 2011):


Characteristics of the trip maker – car availability and/or ownership, possession
of a driving license, household structure, income, residential density, and etc.



Characteristics of the journey - the trip purpose, time of the day, whether the trip
is undertaken alone or with others;
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Characteristics of the transport facility
o Quantitative factors - components of travel time: in-vehicle, waiting and
access times by each mode; components of monetary costs (fares, tolls,
fuel and other operating costs); availability and cost of parking;
reliability of travel time and regularity of service;
o Qualitative factors - comfort and convenience; safety, protection,
security; the demands of the driving task; opportunities to undertake
other activities during travel factors.

The set of features concerning area characteristics corresponds with characteristics of
the trip maker such as all demographic and business features.
4.2.3 Current and Proposed Service Features
Each mode choice model as well as transit assignment procedure require a set of
proposed service features along the corridor. The difference between the current and proposed
characteristics influences the traveler’s choice and the ridership.
Features required for transit assignment are travel time, fare structure containing transfer
policy between and within modes, service headway, and other features like value of time is
required for some methods of transit assignment. Further details can be found in Section 4.3.5
describing the transit assignment and in TransCAD User’s Guide (Caliper 2008).
4.3

Model Architecture
As mentioned above, the model uses data concerning the current ridership, demographic

information about area and features of the proposed change on the existing route network. The
aim is to combine these data and estimate the new mode choice, adjusted transit O-D matrix in
the area, new riderships on all routes and indicators for SEA. The scheme of the demand
estimation model is presented in Figure 4.1.
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Figure 4.1 Model of demand estimation
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4.3.1 Service Coverage Area
The potential ridership along the corridor can be determined using the concept of
Service Coverage Area (SCA). The SCA symbolizes the area within walking distance from new
service stops. It is usually performed as a circle with the stop in the middle. In this model the
double circle approach consisting of two circles with different radiuses is assumed. According
to the research done by Galicia (2010) the first circle (buffer area) has a radius of 0.25 mile
(approximately 400 m) and the second one has a radius of 0.50 mile (approximately 800 m).
The second ring is the result of a 0.50-mile radius ring subtracted from the 0.25 mile circle.
4.3.2 Transit Assignment I (TA I), Critical Link Analysis (CLA) output
Transit Assignment Procedure
The transit assignment procedure is used to estimate the number of passengers that use
the links and routes in a transit network (Caliper 2008a). Travelers’ perceptions differ in system
performance and sensitivities to value of travel time and therefore different path choices are
made. The transit assignment problem has been modeled by two different approaches:
frequency-based (also known as headway-based) and schedule-based (also known as timetablebased) approach (Fu, et al. 2012).
A transit assignment model take a transit O-D matrix and the corresponding transit
network as inputs and produce transit stop level, segment level, route level, and aggregate
ridership statistics. The transit path choice depend on its attractiveness which is a function of
travel time, waiting time, number of transfers, service reliability, and other variables such as
access time to reach a stop from the origin.
There are many transit assignment models integrated in specialized GIS-based
transportation planning software (for example TransCAD, OmniTRANS, Visum). TransCAD
offers following three basic methods (Caliper 2008):
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All-or-Nothing (AON) assignment which assigns all travelers for a single O-D
pair to the single best transit path.



Pathfinder which uses generalized cost as the determinant of the best path. A
value of time is used to convert time to money so that it can be combined with
fares to set the option with the lowest generalized cost.



Stochastic User Equilibrium (SUE) which is a probabilistic, multipath method
that takes route capacities into account. Travelers select their paths based upon
the overall attractiveness which depends on travel time components, transfer
penalties, and fares. SUE is an iterative procedure.

The TransCAD Transit assignment procedure has eight optional results but not all
outputs are available for all assignment methods. The output availability for each method is
summarized in Table 4.1.

Table 4.1 Output report availability for transit assignment methods
Output Report

Description

Critical Link
Analysis
Boarding and
Alighting
Aggregate Ridership

Indicate O-D pairs using a particular
portion of transit route
Table indicating number of riders
boarding and alighting at every stop
Table with combined information for
all routes sharing stops (nodes)
Matrices which allow to estimate
number of transfers, generalized
costs, and other attributes
Table of O-D trips for selected routes
A table of stop-to-stop trips
A table of transfers between routes or
at stops
A table of initial or transfer waits, or
total walking times at stops

Skim Matrices
OD Routes
Stop-to-Stop Trips
Transfer Movements
Person Times at
Stops

All-ornothing
Yes

Pathfinder
Yes

Stochastic User
Equilibrium
Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes
No
Yes

No
Yes
Yes

Yes
No
Yes

Yes

No

Yes

Source: Caliper (2008a)

Transit Assignment I
To determine if a new service will be used for the ride between O-D pairs i and j this
step called Transit Assignment I (TA I) is implemented in the model. The inputs for TA I are:
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Initial O-D matrix;



Proposed GIS transit network;



GIS link (route) network; and



Current service features.

Critical Link Analysis
The most important output of TA I is the Critical Link Analysis (CLA) output matrix
for a new service. The CLA matrix shows the set of O-D pairs in which riders use a new
service’s route segment by matching the exact volume of riders using the new service traveling
from their origins to destinations. This matrix can be compared to existing O-D matrix to
explore the ratio of passengers using the new service.
4.3.3 Proposed Transit Network Evaluation
In this step some changes of the new or current service can be proposed. These proposed
changes should lead to higher sustainability and to lower the competition among transit modes.
The methodology for this step follows the hierarchy of transit modes as they were
introduced in Chapter 3. In general if there are two different possibilities to get from stop i to
stop j. The mode with higher capacity should have higher ridership. This rule is kept in most
cases except that when a higher capacity transit mode introduction into system some routes can
be canceled or rerouted. The aim of this step is to avoid superfluous concurrence among and
within transit modes. This concurrence brings the higher operating costs with no additional
value. This is valid also for cases with more involved operators. These operators should
compete just in competitive tendering to become route operators. After that they should work
together to get higher ridership (Štěrba 2005b).
Therefore headway changes, route diversions and cancelations can be designed by
planners. A significant part of the model beginning with TA I may be repeated until the system
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is considered being in accordance with the purpose defined by authorities implementing the
new service.
4.3.4 O-D Matrix Multiplication
As the CLA matrix shows all the O-D pairs where riders could use the new service, the
next task is to distribute the additional ridership among the pairs. The additional ridership is
considered as the difference between the estimated and potential riderships. The estimated
ridership for the new service is denoted as ER. In this model the simple uniform distribution
with only one coefficient K is assumed. To obtain the correct value of K only the sum of traffic
demands at stops which are along the Alameda corridor is used. The following equation can be
written:
𝑆𝐶𝐴
𝑆𝐶𝐴
𝐾 ∗ ∑𝑖 ∑𝑗 𝐶𝐿𝐴𝑖𝑗
= 𝐸𝑅 − ∑𝑖 ∑𝑗 𝐶𝐿𝐴𝑖𝑗

(4.1)

where:
𝑆𝐶𝐴
𝐶𝐿𝐴𝑖𝑗
is the number of riders using a new service on their trip between stops (nodes) i and j

and at least one of stops i, j belongs to the SCA of the new service
ER stands for Estimated Ridership along the corridor obtained from mode choice model
The coefficient K is then expressed as the ratio of additional and current ridership:

𝐾=

𝐸𝑅−∑𝑖 ∑𝑗 𝐶𝐿𝐴𝑆𝐶𝐴
𝑖𝑗
∑𝑖 ∑𝑗 𝐶𝐿𝐴𝑖𝑗

(4.2)

𝑆𝐶𝐴

The adjusted O-D matrix can be created according to the following formula:

𝑇𝑖𝑗∗ = 𝑇𝑖𝑗 +𝐶𝐿𝐴𝑖𝑗 ∗ 𝐾

(4.3)

where:
T*ij is the adjusted transit flow per day between stops (nodes) i and j
CLAij states for the number of riders using a new service on their trip between stops (nodes) i
and j
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K is multiplicator obtained in (4.2)
Tij represents the transit flow between i and j in original O-D matrix.
This multiplication does not change the volumes in the O-D matrix but only the demand
between pairs of stops where a new proposed service would be used (because of zero values of
CLAij for O-D pairs not using the new service). In this step, the following assumption is made:
The new service will generate a growth of ridership also out of SCA in case the new service is
worthy to use. That is why the whole CLA matrix is used to calculate the adjusted O-D matrix.
4.3.5 Transit Assignment II, Prospective Following Service Changes Analysis
The adjusted O-D matrix is then used as an input for the final Transit Assignment
(TA II). Other TA I inputs are used also for TA II. Among the outputs of TA II, the most
important ones are the ridership of the new service and total ridership estimation along the
service corridor. The charts and tables can be displayed also for other routes.
As the estimated ridership from the adjusted O-D matrix is modelled according to the
current network, the following step should verify if the service changes output achieve their
purpose stated by authorities proposing and financing the service update. The new service
ridership and the ridership of the routes along the corridor should be checked against the initial
plan and proposed service capacity. The segment with the biggest passenger flow should be
served by modes and vehicles with adequate capacity or frequency.
For the improvement evaluations, the outputs and indicators introduced in following
text may be used.
4.3.6 Ratios of the Potential and Current Ridership
As the potential and current riderships along the corridor and in the whole observed area
are known, the following ratios evaluating the effect of the proposed changes should be
calculated.
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Ratio for the Whole Observed Area
The first indicator Q1 measures the ratio of potential and current ridership in the whole
observed area (defined as the whole city or its particular area determined by TAZs, districts, or
transit routes):

𝑄1 =

∗
∑𝑖 ∑𝑗 𝑇𝑖𝑗

(4.4)

∑𝑖 ∑𝑗 𝑇𝑖𝑗

The indicator Q1 compares the potential and current riderships in the whole observed
area which means lower sensitivity of proposed changes on the ratio. The size of selected area
directly affects the value of this indicator and therefore this fact should be taken into account in
the calculation.
Ratio for Service Coverage Area
The second indicator Q2 measures the ratio of potential and current ridership along the
corridor such that only stops (nodes) in SCA are involved:

𝑄2 =

∗𝑆𝐶𝐴
∑𝑖 ∑𝑗 𝑇𝑖𝑗

(4.5)

∑𝑖 ∑𝑗 𝑇𝑖𝑗𝑆𝐶𝐴

If the value of Q2 is higher than 1 then the effect of the proposed change on the ridership
is positive. In general the higher ratio means the more positive impact on ridership.
Total Additional Ridership
To express the growth of ridership by the actual number of new riders per day, the
measure Total Additional Ridership (TAR) is used. This parameter is the difference between
the whole ridership obtained in the adjusted and original O-D matrices.
∗

𝑇𝐴𝑅 = ∑𝑖 ∑𝑗 𝑇𝑖𝑗 − ∑𝑖 ∑𝑗 𝑇𝑖𝑗

(4.6)
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4.4

Service Equity Analysis
Title VI of the Civil Rights Act of 1964 (42 U.S.C. 2000d) states that “No person in the

United States shall, on the ground of race, color, or national origin, be excluded from
participation in, be denied the benefits of, or be subjected to discrimination under any program
or activity receiving Federal Financial assistance.”
SEA was introduced by Federal Transit Administration (FTA 2012). The service and
fare changes evaluation is required for transit providers operating 50 and more fixed route
vehicles in peak service and are located in an Urban Zonal Area (UZA) of 200,000 or more in
population. Transit providers should evaluate the impacts of the proposed service changes on
minority and low-income populations separately using the methodology of FTA. The following
paragraphs introduce the methodology for both SEAs briefly. Further details can be found in
the FTA Circular (FTA 2012).
4.4.1 SEA for Minority Populations
FTA (2012) defines a minority person as one who self-identifies as American
Indian/Alaska Native, Asian, Black or African American, Hispanic or Latino, and/or Native
Hawaiian/Pacific Islander.
The transit provider has to identify a “major service change” for its system, because
only “major service changes” are subject to SEA. Numerical standards, such as change that
affects x% of a route, x route-miles or route-hours, are usually used. The proposed model allows
planners to compute these parameters to decide if the SEA is necessary.
Transit provider should define and analyze adverse effects related to major changes in
transit service. The adverse effect is then measured by the change between existing and
proposed service levels. These effects can occur when some routes are canceled or some
capacity reductions are applied due to the new service implementation.
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The transit provider should develop or implement a policy to for measuring disparate
impacts showing if the adverse effects are borne disproportionately by minorities. This may be
presented as a percentage of impacts borne by minority population compared to impacts borne
by non-minority population. The population for a statistical measure is all persons that are or
could be affected (e.g. potential passengers).
4.4.2 SEA for Low-Income Populations
The FTA (2012) defines a low-income individual as one whose household income is at
or below the poverty guidelines set by the Department of Health and Human Services (DHHS).
It should be noted that low-income populations are not protected class under Title VI.
Nevertheless, FTA requires transit providers to evaluate proposed service or fare changes on
low-income populations. The reasons are sustainability for transit providers and users, and for
transit-dependent passengers.
The instructions for major service change policy and adverse effects for low-income
populations are the same as that for SEA for minority populations. Transit provider should have
a policy to measure disproportionate burdens on low-income populations including threshold
for determining when adverse effects of service changes are borne disproportionately by the
low-income populations. Transit provider may use ridership data or data about population of
the service area. Providers should use the same approach for both mentioned SEAs.
4.4.3 Service Equity Analysis Indicators Obtained from the Model
The specific indicators for proposed changes evaluation are factors QI, Q2, K, and TAR.
These indicators should help decision makers to evaluate the impacts of the proposed changes.
Indicator Q1 focuses on the whole observed area, indicator Q2 considers only 0.5 mile circle
area around the new service stops and indicator K is used to show the growth of ridership
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between the stops (nodes) where the new service is used. The value of TAR shows the additional
daily ridership caused by the service changes.
Identifying Major Service Change
The outcomes of major service change are represented by a few numerical values. The
information about the range of proposed change can be obtained from the model directly or by
further computations. The percentage of route, route miles (hours), or performance values (such
as passenger miles) can be computed to be compared with provider’s policy values.
Disparate Impact analysis
The data for this step can be obtained from transit surveys or input data for mode choice
models. The most important are the race and income distributions. The indicators Q1, Q2, and
K mentioned above can be used for the more precise analysis.
4.5

Further Usage of Model Outputs
Transit assignment procedure offers many outputs which can be used for further

planning and service levels evaluation. Assignment flows for each route can be displayed in a
table and cross section diagram. This output can be used to evaluate a necessary vehicle capacity
or route segments where some additional service may be required.
The boarding counts table shows a number of passengers boarding and alighting the
service. This table can be used in a new service planning phase to estimate the required stop
and segment capacity. This output can also determine which stops would be overcrowded by
waiting travelers in case of a new service implementation. This information can be used to make
improvements on selected stops. In case of low volumes some routes can be merged or
canceled.
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Chapter 5 Case Study
This chapter shows the application of the proposed model. The corridor selected for this
case study is Alameda Avenue in El Paso, Texas. This corridor is one of four corridors where
the city of El Paso wants to implement BRT service under the brand Brio (Sun Metro 2014).
The necessary investment for Alameda corridor would be paid by the City of El Paso and the
aim of this case study is to use the model proposed in Chapter 4 to demonstrate the outcomes
of the proposed changes.
5.1

Background
The city of El Paso, Texas with population of 672,538 inhabitants (2012 estimate), is

the 19th most populous city in U.S. (U.S. Census Bureau 2010). The value of Annual Roadway
Congestion Index (RCI) for El Paso achieved a value 0.79 in 2011 which ranked 88 among the
most congested cities above 500,000 in the U.S. The RCI is a measure of vehicle travel density
on major roadways in an urban area. An RCI exceeding 1.0 indicates an undesirable congestion
level, on an average, on the freeways and principal arterial street systems during the peak period
(TTI 2014).
Although the city is not one of the most congested in the country, there are issues with
congestions especially during the morning and afternoon peak hours. The unbalanced
distribution of daily person trips percentage can be seen in
Figure 5.1.
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Figure 5.1 Distribution of person trips per day periods
Source: Alliance (2013a)

The observed area potentially affected by the service changes along the corridor is
determined by the set of routes which run along the corridor or cross it. The following set of
routes is selected: 3, 4, 7, 21, 22, 23, 24, 25, 42, 55, 60, 61, 62, 63, 66, 67, 69, 84, and 204. The
set is visualized in Figure 5.2.
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Figure 5.2 Set of routes selected for modeling

5.2

Model Inputs
The aim of this section is to describe all model inputs as they were introduced in

Chapter 4. For clearer arrangement the description of corridor characteristics is combined with
mode choice model in Section 5.3.
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5.2.1 New Service Characteristics
New BRT service is designed to connect Downtown El Paso with the southeastern part
of the city. The main part of the route is lead at Alameda Avenue. The following list summarizes
the brief information about the corridor (Sun Metro 2014):


Length: 14.5 miles



Beginning of route: Downtown Transfer Center (DTC)



End of route: Mission Valley Transfer Center (MVTC)



Total number of buses: 14



Number of stations: 29



Total project cost: $35.5 million



Funding: 100 percent City of El Paso

As it was mentioned above, the Alameda corridor from Downtown Transfer Center
(DTC) to Mission Valley Transfer Center (MVTC) is designed as a part of the new system Sun
Metro Brio. It means the route will be operated by 60-feet low-floor articulated buses with a
capacity of 58 sitting and 25 standing passengers. The vehicle has space for three bicycles and
two wheelchairs. Informations will be provided to passengers through three in-vehicle screens
and outside digital tables. Passengers on board will be able to use free wireless internet. The
proposed transit headway service is from 10 minutes (peak service) to 15 minutes (off-peak
service).
5.2.2 Transit Survey
This case study is based on the 2012 Transit Boarding/Alighting and On-Board Survey
conducted by Alliance Transportation Group for El Paso Metropolitan Planning Organization
(EPMPO) and Texas Department of Transportation (TxDOT) El Paso District. This survey was
done for all Sun Metro routes and provides the stop-to-stop route ridership per day. The survey
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focuses on riders and provides demographic information as well as further details about their
trips. All the data were summarized and published by Alliance (2013b).
All stop-to-stop ridership tables for the selected set of routes were aggregated to an OD matrix displaying the average daily ridership between pairs of stops. The disadvantage of the
survey is that it does not provide data about transfers.
5.2.3 Current Transit Service along Alameda Corridor
There are eight bus routes along the Alameda corridor. Their total average daily
riderships, numbers of stops in each direction, headways and some brief descriptions are
introduced in Table 5.1.

Table 5.1 Current transit routes along Alameda corridor
Bus Route
Number

Total Daily
Ridership

# of stops
OUT

IN

Headway
(min)

3

869

5

6

25

7

1215

82

77

55

21

206

48

41

65

22

207

45

47

65

61

1035

76

72

50

62

537

109

100

60

66

891

79

90

50

204

1128

8

7

16

Description
This route is an express route connecting Downtown
area with part of Alameda Avenue (from intersection
with Yarbrough to Mission Valley Transfer Center MVTC)
Connects Walmart at Transmountain with Northgate
Terminal, EPCC Valle Verde and Alameda (from
Yarbrough to Alameda)
Routes 21 and 22 connects Downtown area with
Chelmont via Raynolds and Chelsea. This routes share
vehicles and their routing is the same for a significant
part.
Route 61 connects Downtown area with MVTC via
Alameda. This route has almost the same routing as the
proposed BRT service.
This route provides additional service along Alameda
Corridor especially for the southern part.
Route 66 is connecting Downtown area with the area
around North Loop and Dell Valle High School
Glory Road/UMC Express provides express connection
of Glory Road Terminal, Downtown area and
University Medical Center

Source: Alliance (2013b), Sun Metro (2013)
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The highest riderships among these routes are express routes 204 and 3. The routes
mentioned in Table 5.1 are shown in Figure 5.3. The colors of lines in Figure 5.3 correspond to
the colors in the first column of Table 5.1.

Figure 5.3 Current transit routes along Alameda corridor

The whole set of routes include those that cross Alameda Avenue. They for the observed
area in TA I and TA II. The headways of all routes in the whole observed area used for TA I
and TA II are presented in Table 5.2.
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Table 5.2 The route headways used in TransCAD
Route Headway (min) Route Headway (min)
3

25

61

50

4

20

62

60

7

55

63

60

21

65

65

50

22

65

66

50

23

80

67

80

24

75

69

55

25

60

84

90

55

65

204

16

60

30

BRT

15

Load Profiles for Current Routes along the Corridor
The result of transit assignment for the existing network without any influence of
proposed BRT service (the current stop-to-stop ridership and load profiles for all routes) were
obtained in TransCAD. Appendix A shows the current load charts for routes along the corridor.
These load charts may slightly vary from reality because they are obtained from transit
assignment and not directly from the survey data.
5.2.4 Road Network and Proposed Transit Network in GIS Format
The model is based on road network used by El Paso MPO in El Paso 2040 Horizon
Model (Alliance 2013a). Transit network was modeled in TransCAD 5.0 with layers for routes
and stops in GIS format provided by Alliance.
5.3

Mode Choice Model on Alameda Corridor
In this case study, the SD model which was developed by Galicia (2010) is used to

estimate the potential ridership of BRT along the Alameda corridor. The model takes into
account information about population, employment, households, and businesses, as well as the
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area and the features of proposed BRT service for two buffer zones (<0.25 mile from BRT
station, 0.25 - 0.50 mile from BRT station).
5.3.1 Mode Choice Model Inputs
The ESRI Business Analyst Demographic and Income Report and Border Region
Modeling Project were used to generate demographic data. ESRI Business Analyst was
prepared for predictions from 2011 and 2016. The growth factors were computed from these
two predictions. Appendix C shows ESRI Business Analyst Reports for 0.25 mile buffer, 0.50
mile buffer, and El Paso County.
All the equations and their coefficients were adopted from the original SD model
(Galicia 2010) without any changes. That model was made for Mesa Street corridor in the same
city.
Proposed BRT station locations were taken from final design document (LAN 2013).
Figure 5.4 illustrates the SCA considered for the mode choice model. The total SCA exceeds
7097 gross acres.
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1:135,000

Figure 5.4 Service Coverage Area of BRT Route at Alameda Corridor

Population
Table 5.3 summarizes the population inputs used for mode choice model for both buffer
areas. These data were taken from Business Analyst report for the Alameda corridor.

Table 5.3 Population inputs for mode choice model
Buffer
0 to 0.25 mile
0.25 to 0.50 mile

POPULATION
2011
2016
17,128 17,769
22,404 24,418

Growth Factor
0.00738
0.01737

Employment
The BA report does not provide the information about employment in the SCA.
Therefore the following assumption was made: the ratio of employment and population in the
area is constant for the whole county and for Alameda Corridor. According to dataset in Border
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Region Modeling Project the overall population in El Paso County in 2011 was 820,790 and
the employment reached the value of 397,184. The ratio of employment and population equals
to 0.4839.
The values of growth factors were adopted from Mesa model because the dataset does
not contain any prediction for the following years. The data for employment are summarized in
Table 5.4.

Table 5.4 Employment input for mode choice model
Buffer
0 to 0.25 mile
0.25 to 0.50 mile

EMPLOYMENT
Population 2011 Ratio Employment 2011 Growth Factor
17,128
8288
-0.00432299
0.4839
22,404
19130
0.00580547

Households
In Table 5.5, household inputs used for mode choice model for both buffer areas are
shown. These data were taken from Business Analyst report for the Alameda corridor.

Table 5.5 Household inputs for mode choice model

0 to 0.25 mile
0.25 to 0.50 mile

HOUSEHOLD
2011 2016
5,938 6,287
3,454 3,061

Growth Factor
0.01147
-0.02387

BRT Features
In the SD model, three different BRT implementation phases are considered. Galicia
(2010) shows BRT operational features at different stages of deployment. Although some
parameters of proposed Alameda corridor BRT service can fulfill the requirements for Phase 2,
the proposed service seems more likely to belong to Phase I. The reasons are shared lanes,
station design, only limited P+R possibilities, vehicles, and expected operating speed.
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5.3.2 Mode Choice Model Output
The SD model provides the estimation of total ridership along the Alameda corridor.
The estimated ridership for period 2011 – 2016 is shown in Table 5.6.

Table 5.6 Estimated total ridership along Alameda corridor
Time (year)
Total Daily Ridership

5.4

2011
3,977

2012
4,050

2013
4,124

2014
4,199

2015
4,276

2016
4,353

Demand Estimation Model Architecture

5.4.1 General Settings for Transit Assignments
For TA I and TA II in this case study, the Pathfinder method in TransCAD was used.
This method was briefly introduced in Section 4.3.2. The following settings were used:


Travel time – computed for each link independently as the ratio of link length and speed
achieved on the link. The speed for each link was computed as a ratio of total length
between two consequent designated points and service level travel times between these
two points obtained from Sun Metro bus schedule (2013). For the links which do not
belong to any route the speed was determined arbitrarily using the following formula:
𝑆𝑝𝑒𝑒𝑑 = 𝑚𝑖𝑛 (

∑𝑎𝑙𝑙 𝑠𝑒𝑙𝑒𝑐𝑡𝑒𝑑 𝑙𝑖𝑛𝑘𝑠 𝐿𝑒𝑛𝑔𝑡ℎ
; 𝑃𝑜𝑠𝑡𝑒𝑑 𝑆𝑝𝑒𝑒𝑑)
∑𝑎𝑙𝑙 𝑠𝑒𝑙𝑒𝑐𝑡𝑒𝑑 𝑙𝑖𝑛𝑘𝑠 𝑇𝑟𝑎𝑣𝑒𝑙 𝑇𝑖𝑚𝑒

= min(13.50 𝑚𝑝ℎ; 𝑃𝑜𝑠𝑡𝑒𝑑 𝑆𝑝𝑒𝑒𝑑)

(5.1)

The Posted Speed is the maximum speed on the link. This information was the part of
the used Link Layer.


BRT travel time – computed for each link independently using Speed computed in
equation (5.1).
𝐵𝑅𝑇 𝑆𝑝𝑒𝑒𝑑 = 𝑚𝑖𝑛(1.5 ∗ 𝑆𝑝𝑒𝑒𝑑; 𝑃𝑜𝑠𝑡𝑒𝑑 𝑆𝑝𝑒𝑒𝑑)

(5.2)

The multiplicator 1.5 is used according to Cervero (2013) and Madison Area MPO
(2013).
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Fare structure – Flat fare system with a basic fare: $1.50 and free transfer.



Value of Time (VOT) – The value of time is $0.2 per minute which means $12 per hour.
This value lies in the range of VOT used in the El Paso Horizon 2040 Model
(Alliance 2013a)



Other settings – Figure 5.5 provides a table from TransCAD where other settings were
entered. All the values are in minutes. The 15.00 value for global headway has a lower
priority than the values assigned to routes therefore this value is not used.

Figure 5.5 Others TA general settings



Weights – As TransCAD Pathfinder method uses the weighted cost function, the
weights have to be determined. The whole mathematical function can be found in
Chapter 13 of TransCAD Travel Demand Modeling User Guide (Calliper 2008). Figure
5.6 demonstrates the values for different weights which were used in TA I and TA II.
These values are the initial values for the TransCAD Pathfinder method.
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Figure 5.6 Weights TA general settings

5.4.2 Transit Assignment I for Proposed Transit Network
The proposed transit network in observed area consists of a set of current routes and the
new BRT service. Figure 5.7 shows the proposed transit network along the corridor. TA I was
made from the current O-D matrix without any updates caused by new service implementation.
All routes in the affected area are considered and used in TA I. The aim is to compare flows on
routes and evaluate if there are any superfluous confluences which should be eliminated. The
other output is CLA matrix showing how many riders would use the proposed BRT service.
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Figure 5.7 Proposed transit network along the corridor

Outputs of TA I for Proposed Transit Network
The estimated total daily ridership for routes along the corridor is presented in Table
5.7. The new BRT route and route 204 achieve the highest ridership.

Table 5.7 TA I initial estimated total daily ridership for routes along the corridor
Route

Highest Section Total Daily
Ridership

Total Daily Ridership
Outbound

Inbound

Outbound

Inbound

3

304

160

286

142

7

797

712

364

249

21

139

72

85

38

22

167

80

94

40

61

509

420

158

129

62

380

254

106

55

66

610

398

331

113

204

881

858

434

559

BRT

1046

937

720

733
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The previous table shows only the total value and the maximum value among the route
segments. Transit flows for routes along the corridor are visualized in Figure 5.8.

Figure 5.8 Transit Flows for Proposed Transit Network and Current O-D matrix

Figure 5.8 provides the comparison of transit flows in the area to analyze possible
concurrences. Route 3 and the proposed BRT route seem to be concurrent therefore the further
analysis showing daily counts of boarding and alighting riders along Route 3 are described in
Table 5.8.

Table 5.8 Boarding alighting table for Route 3
Outbound

# of Passengers

# of Passengers

Inbound

STOP ID

Boarding

Alighting

STOP ID

Boarding

Alighting

003-001

273

0

003-006

18

0

003-002

22

9

003-007

70

1

003-003

9

79

003-008

72

17

003-004

1

186

003-009

0

3

003-005

0

30

003-010

0

0

003-011

0

139
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In Figure 5.8, it can be seen that only area around stops 003-002, 003-009, and 003-010
is not served by the proposed BRT service. The following table provides the fact that only
insignificant part of ridership is generated by these three stops. In addition, the area around
stops 003-002 and 003-009 is served also by Route 67 and stop 003-010 is operated by
Route 23.
For all the pairs of Route 3 stops where BRT is available the new service is used at least
by part of the travelers (according to CLA matrix). The following table compares travel times
of trip between the Downtown Transfer Center (DTC) and stop 300-004 (Alameda at Davis)
for both possibilities:

Table 5.9 Comparison of travel and waiting time for selected trips
Travel Time
(min)

Service Headway
(min)

Average Waiting
Time (min)

Average Total
Travel Time (min)

Route 3

35

BRT

41

25
15
(10 at peak hours)

12.5
7.5
(5)

47.5
48.5
(46)

There is a strong evidence that the Route 3 can be replaced by the new BRT service and
canceled. Passengers who are using stops along Route 3 which are not served by BRT service
have the possibility to use Routes 23 or 67.
5.4.3 Transit Assignment I for Updated Transit Network
The updated transit network consists of BRT route and all current routes except Route 3.
The steps in TA I is repeated once more for updated network using the initial O-D matrix. Other
inputs and settings were the same as in the previous iteration.
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Outputs of Transit Assignment I for Updated Transit Network
TA I for the updated transit network assigned passenger trips as it is presented in Table
5.10 and Figure 5.9. The new BRT route and express route 204 achieve the highest ridership.

Table 5.10 Total daily ridership for updated network and current O-D matrix
Route

Total Daily Ridership

Highest Section Total
Daily Ridership

Inbound
719

Outbound
367

Inbound

7

Outbound
801

21

169

67

125

34

22

197

75

153

36

61

558

388

133

114

62

445

294

120

73

66

618

403

337

118

204

880

858

434

559

BRT

1045

1097

859

892

247

Figure 5.9 Transit flows for updated transit network and current O-D matrix

There is no significant concurrence of any bus route and BRT so this updated network
is considered as the proposed design. From here we can see that the transit volume of riders
from Route 3 split to other routes and it caused a slight increase of their ridership.
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The following table summarizes the O-D matrix, CLA matrix, estimated ridership from
mode choice model and presents the value of K computed according to (4.2).

Table 5.11 Parameters of O-D matrix, CLA matrix, estimated ridership and coefficient K
∑ ∑ 𝑇𝑖𝑗
O-D matrix

𝑖

𝑗

# of assigned trips
# of non-zero values
∑ ∑ 𝐶𝐿𝐴𝑖𝑗
𝑖

CLA matrix

𝑗

𝑆𝐶𝐴
∑ ∑ 𝐶𝐿𝐴𝑖𝑗
𝑖

𝑗

# of non-zero values
Estimated Ridership - ER
Coefficient K

12,209
11.819
2,981

2,032

2,010
670
4,050
1.01543

5.4.4 Transit Assignment II
The new O-D matrix (T*ij) was calculated according to (4.3) and it was used as an input
for TA II. Apart from the new O-D matrix, the updated transit network without Route 3 is used.
The weights and other settings became the same as in previous assignments. Table 5.12
determines the basic facts about the updated O-D matrix and TA II outputs as well as values of
indicators described in Chapter 4.

Table 5.12 Charactersitics of updated O-D matrix and service change parameters
Updated
O-D matrix

∑ ∑ 𝑇𝑖𝑗∗
𝑖

𝑗

# of assigned trips
# of non-zero values

14,273
13,883
2,981

Ratio for the whole affected area - Q1

1.16904

Ratio for SCA - Q2

1.23388

Total additional ridership - TAR
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2,064

The outputs of TA II displayed in Table 5.13 and Figure 5.10 shows the estimated
ridership and transit flows for selected routes along the corridor. In comparison with the initial
ridership along corridor (Table 5.1), the increase on all routes can be observed. The route with
the highest ridership is the new BRT route which provides the backbone service for the corridor.

Table 5.13 Estimated Ridership along the Alameda Corridor

Route
7
21
22
61
62
66
204
BRT

Total Daily Ridership
Total
Outbound
Inbound
857
823
185
79
213
88
831
591
602
418
662
493
886
872
2051
2129

1680
264
301
1421
1019
1154
1757
4180

Highest Section Total
Daily Ridership
Outbound
Inbound
378
321
132
38
160
40
235
193
129
107
353
161
434
559
1696
1736

Figure 5.10 Estimated Transit Flows along Alameda Corridor
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Figure 5.11 and Figure 5.12 show the volumes of passengers boarding and alighting
BRT service. The most used stations are the DTC, MVTC, and intersection of Alameda at
Davis.

Figure 5.11 Boarding and Alighting Passenger Volume for BRT Service Stations – Outbound
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Figure 5.12 Boarding and Alighting Passenger Volume for BRT Service Stations – Inbound

5.4.5 Comparison of Transit Performance Parameters in the affected area
Table 5.14 compares current and estimated ridership for all 20 routes in the affected
area. The load profiles for selected routes along the corridor are displayed in Appendix B.
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Table 5.14 Current and Estimated Ridership for all Routes in the Affected Area
Estimated Daily Ridership

Route

Current Total
Daily Ridership

Total

Outbound

Inbound

3

869

N/A

N/A

N/A

4

1,514

2,421

1,423

998

7

1,215

1,680

857

823

21

206

264

185

79

22

207

301

213

88

23

174

257

179

78

24

211

397

213

184

25

451

304

174

131

42

1,618

2,257

1,430

827

55

557

706

399

307

60

366

455

150

306

61

1,035

1,421

831

591

62

537

1,019

602

418

63

376

588

290

299

66

891

1,154

662

493

67

237

419

165

254

69

444

540

264

276

84

173

276

124

152

204

1,128

1,757

886

872

2,051

2,129

BRT

N/A

4,180

Total

12,209*

20,398**

Notes: *Current ridership does not count with transfers, so the number of trips is equal to total ridership;
**Estimated daily ridership count for each trip one or more increment to ridership count and this total is not
equal to the number of passenger-trips

The following table compares total passenger miles for the current and proposed service
in the affected area. The values for current service were computed using transit flow output of
transit assignment for current network and initial transit O-D matrix.

Table 5.15 Daily Transit Performance in the Affected Area
Daily Transit Performance
Current Situation

61,055 passenger miles

Estimated Situation

97,374 passenger miles

82

Table 5.16 compares the estimated and current daily revenue computed from all the trips
in observed area. Because of missing transfer data every boarding was considered as an
assigned trip so the value may differ from the real one. The daily revenue difference exceeds
$3,000.

Table 5.16 Comparison of current and estimated daily revenue
Daily Revenue
# of assigned trips Revenue
Current Situation

11,819

$17,729

Estimated Situation

13,883

$20,825

Difference

2,064

$3,096

5.4.6 Service Equity Analysis
Because of the new BRT service implementation and Route 3 cancelation, these changes
can be considered as major service changes and therefore the SEA is necessary. This fact is
supported by the results of comparison (e.g. Table 5.14 and Table 5.15) provided in the previous
paragraph.
Adverse effects are connected with cancellation of Route 3. The impact of this decision
was described during decision process in Section 5.4.2. Connection possibilities are offered for
all passengers who are negatively affected by this service change. According to the current OD matrix only 34 riders per day are affected. Other adverse effects are related to BRT service
operation. Implementation of this type of service brings four to six articulated buses in each
direction per hours so the impact on total traffic flow is negligible. The service is not designed
to be operated in narrow streets so there is no issue with articulated buses. The emissions by
the modern CNG vehicles are negligible in comparison with passenger cars. The new service
implementation brings 2064 new transit users a day which means there will be a reduction in
passenger cars usage in the affected area.
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Disparate Impact for Minority Population
Table 5.17 shows Race and Ethnicity in El Paso County, in the SCA of Alameda
Corridor and on Sun Metro buses. Data for the County and SCA are taken from Business
Analyst prediction for 2016. Information from Sun Metro buses was part of the 2012 Onboard
Transit Survey conducted by Alliance (2013b). The difference in time disallows simple
comparison but it can provide the general knowledge.

Table 5.17 Race and ethnicity in El Paso County, along the corridor and on Sun Metro buses
Race and Ethnicity

El Paso County 2016

Population

871,070

100%

59,956

100%

Sun Metro 2012
Survey
6,980
100%

White Alone

729,366

83.7%

50,448

84.1%

6,629

95.0%

Black Alone

26,225

3.0%

528

0.9%

258

3.7%

American Indian Alone

6,267

0.7%

504

0.8%

23

0.3%

Asian Alone

8,744

1.0%

74

0.1%

35

0.5%

Pacific Islander Alone

1,128

0.1%

13

0.0%

N/A

N/A

Some Other Race Alone

79,493

9.1%

7,190

12.0%

35

0.5%

Two or More Races
Hispanic Origin (Any
Race)

19,847

2.3%

1,200

2.0%

N/A

N/A

730,505

83.9%

57,835

96.5%

6,255

89.6%

SCA (0.5 mile) 2016

Source: ESRI Business Analyst Report, Alliance (2013b)

Concerning the FTA definition of Minority Population (mentioned in Chapter 4) the fact
that Hispanic minority has the highest representation in the county, along the corridor and also
on buses. In SCA, the Hispanic Origin population represent more than 96%. Therefore the
following conclusion can be made. The proposed service change impacts will affect minorities
in the same shape as they will affect the whole population in general.
Disparate Impact for Low Income Population
The following table shows household income distribution in El Paso County, SCA, and
on Sun Metro buses. The data were obtained from the same sources as in the previous table.
The values in US dollars cannot be compared for different years due to expected inflation.
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Table 5.18 Household by income in El Paso County, along the corridor, and on Sun Metro
buses
Households by Income

El Paso County 2016

Income

282,156

100%

20,546

100%

Sun Metro 2012
Survey
4,345
100%

<$15,000

54,798

19.4%

8,570

41.7%

2,547

58.6%

$15,000 - $24,999

37,752

13.4%

3,590

17.5%

1,038

23.9%

$25,000 - $34,999

28,472

10.1%

2,193

10.7%

409

9.4%

$35,000 - $49,999

40,597

14.4%

2,335

11.4%

169

3.9%

$50,000 - $74,999

60,760

21.5%

2,443

11.9%

146

3.4%

$75,000 - $99,999

28,996

10.3%

832

4.0%

17

0.4%

$100,000 - $149,999

20,872

7.4%

370

1.8%

13

0.3%

$150,000 - $199,999

4,988

1.8%

89

0.4%

3

0.1%

$200,000+

4,917

1.7%

123

0.6%

3

0.1%

SCA (0.5 mile) 2016

Source: ESRI Business Analyst Report, Alliance (2013b)

According to FTA (2012), the definition the low income population is determined by
poverty guidelines issued every year according to household size by U.S. Department of Health
& Human Services. The lack of disaggregated household data disallows a more detailed
analysis of poverty threshold. Therefore the average household size in the SCA for year 2016
(2.87 ≈ 3 persons/household) is used as the universal household size. The most recently issued
values of poverty guidelines is for year 2014. Therefore the prediction shown in Table 5.19 had
to be made to obtain the value for year 2016. The provided estimates for years 2015 and 2016
are the basic linear extrapolations of values obtained for years 2011 and 2014.

Table 5.19 Poverty guideline prediction for household size 3
Year

Poverty Guideline

2011

$18,530

2012

$19,090

2013

$19,530

2014

$19,790

2015 estimate

$20,210

2016 estimate

$20,630

Source: U.S. Department of Health & Human Services (2014)
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To estimate the percentage of low income population in El Paso County and along
Alameda Corridor the assumption of uniform income distribution within intervals has to be
accepted. The estimated counts and percentages are described in Table 5.20.

Table 5.20 Low income population percentage in El Paso County and along Alameda corridor
Low Income Population (2016)

Households

Percentage

El Paso County

76,056

27.0%

SCA (0.5 mile)

10,592

51.6%

There is a really big concentration of low income population along the Alameda
corridor. Nevertheless the negative impacts (Route 3 cancelation) affect only small portion of
passengers who can use other routes. The transfer policy does not affect them with additional
costs. In general the proposed changes provide positive impacts on low income population. It
brings faster and more frequent connection with downtown area with no extra cost.
5.4.7 Summary and Recommendation for Transit Provider
Case Study Conclusion
City of El Paso wants to implement BRT service along Alameda Corridor. This case
study estimated the total daily transit demand for this service (4,050 passenger-trips) and transit
assignment was provided. To avoid a superfluous concurrence of two routes, service on Route
3 was cancelled. According to the demand estimation model the ridership of the new BRT
service would be 4,180 passengers/day in total (2,051 outbound and 2,129). The difference
between 4,180 and 4,050 passengers (130) symbolizes the ridership generated out of SCA. The
BRT implementation would have a beneficial impact on the ridership of all other routes in the
affected area except Route 25 (see Table 5.14). The modelled daily performance for the
proposed service in the affected area exceeds 97,000 passenger miles a day in comparison with
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current performance slightly over 61,000 passenger miles. The proposed changes
implementation would increase the daily revenue about $3,096 which is probably even not
enough for covering the operational costs but public transportation is subsidized all over the
world and the decision makers have to decide if the nonfinancial benefits of the proposed
changes are worthy to be financed.
This case study and its outputs are limited by some assumptions. The transit survey does
not contain data about transfers so each boarding is considered as a new trip. The SD model,
adopted from Mesa Street corridor, was updated only by part of SCA data, for example the part
concerning business was adopted without any update.
Recommendation for Transit Provider
The provided case study estimated the beneficial effects of BRT service for the Alameda
corridor. It estimated the ridership for this service as well as for all routes in the affected area.
According to the modeling outputs, the provider should cancel Route 3 to eliminate a
superfluous concurrence. Routes 61 and 62 operated along Alameda Avenue at similar stops
should still be operated. Their riderships would not drop after BRT service implementation.
These routes would provide a feeder service for BRT. The proper feeder function can be ensured
only by frequent service. That is why the headways should not be increased and smaller vehicles
can meet the capacity requirements.
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Chapter 6 Conclusions and Recommendations
6.1

Conclusions
This thesis presents a systematic methodology that estimates the ridership for a new

public transportation service implementation. The theoretical aspects and literature review are
presented in first three chapters. Chapter 1 provides the basic introduction and deals with the
Hierarchy of Needs and its application in transportation. The transit mode share in different
parts of the world is compared and the correlation between mobility patterns and CO2 emissions
is presented. In Chapter 2 the problem of urban congestion and its externalities are reviewed.
This chapter also reviews transportation solutions which are suitable for cities. The city toll
systems and integrated transportation systems are introduced as well as different public
transportation concepts realized in the world. Chapter 3 provides the definition of sustainable
public transportation and introduces the idea of transit oriented development with examples in
U.S. and the Czech Republic. This chapter also describes different modes of public
transportation, their role in sustainable transit and applications in the world. The last part of
Chapter 3 deals with mode-share estimation models and different approaches.
Chapter 4 provides the description of the proposed ridership estimation model for
sustainable public transportation in large cities. This chapter includes the methodology for
service equity analysis for minority population and for low income population. Chapter 5
demonstrates the application of the proposed model and service equity analysis using real data
along the Alameda corridor in El Paso, Texas. This case study showed the positive impact of
BRT implementation on transit ridership. This positive impact is significant also for current and
modified routes along the corridor.
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6.2

Contributions
The overall contributions to the existing methodologies for transit ridership estimation

are as follows:
1. This research has updated the planning and evaluation process of a new service
implementation and service equity analysis.
2. This research has developed the O-D matrix multiplication procedure for selected pairs
of stops served by the proposed new transit route.
3. This research has presented the way to use a combination of transit survey and GISbased demographic and socioeconomic data along a transit corridor for ridership
estimation.
4. This research has used and updated the system dynamics model introduced by Galicia
(2010) to estimate mode share, and combined it with transit assignment method.
6.3

Recommendations for European Practice
The target of this subsection is to discuss the tasks which are necessary to successfully

implement the model introduced in Chapter 4 in the cities, especially in Europe. The model
considers only the technical tasks of the new service implementation therefore the financial part
as well as organizational (institutional) part of the implementation process is not considered in
the following paragraphs. The biggest issues are connected with suitable software and input
data, especially transit survey and demographic data.
6.3.1 Suitable Software for Transit Assignment
TransCAD, the software used for transit assignment in the presented case study, is not
very commonly used in European cities, mostly because of its price and strong orientation in
the North American market. Although TransCAD provides the complete set of tools for
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transportation planning these tools are not adjusted to the conditions of European cities and
their planning practices.
The German software VISUM seems to be more customized to the European practice.
It provides headway-based assignment which is used in the proposed model. This assignment
uses GIS data, fare prices and the tariff model, travel time, number of transfers, and transfer
times (PTV 2014). Figure 6.1 shows the user interface of VISUM and transit assignment’s
graphical output.

Figure 6.1 PTV Visum assignment
Source: PTV (2014)

The Dutch Transport Planning Software OmniTRANS offers ZENITH and Multi-route
assignment algorithms as a part of its Public Transport Pack (OmniTRANS 2014). ZENITH
algorithm considers multiple options for a single trip, allowing a distribution of trips over a
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range of competing public transport routes and modes. It can take into account any traffic
congestion that may influence access and egress. Its multi-route assignment algorithm tool
considers all feasible alternatives for each mode-chain and allocates trips to stops and services,
according to relative utility.
6.3.2 Model Inputs
Transit survey
Because the proposed ridership estimation model requires an O-D matrix as an input the
transit survey has provide this data. In many cities the onboard transit surveys are conducted
for the purpose of appropriate vehicle capacity dimensioning. For example in Prague, the Czech
Republic this survey is done for particular part of network twice a year with the aim to update
the ridership on every route every three years (ROPID 2014b). This type of survey is not
investigating the origin and destination of each trip but only the number of passengers boarding
and alighting vehicles at stops and stations. The output is the ridership between consecutive
stops which cannot be used as the direct input for this model. Transit O-D matrix estimation
procedure have to be implemented in case of using this type of data. This procedure, which is
usually a part of transportation planning software (e.g. VISUM, TransCAD), uses boarding and
alighting counts taken at individual stops for specified routes. The output of this procedure is
the estimated transit O-D matrix which can be used in the proposed model.
Another way is to conduct the survey which directly fulfills the requirements. The
example of useful survey is Mobidrive, developed at ETH Zürich, Switzerland (Axhausen
2007). In this type of mobility census households record all their trips into special forms for the
period of six weeks. The set of information includes departure and arrival time, addresses, used
modes, vehicle kilometers travelled (if car is used), direct costs, and the trip purpose. The cities
could implement this type of survey to improve planning of all their transportation modes.
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The easiest way how to obtain data for O-D matrix is the automatic fare collection and
verification with usage of smartcards. This way assumes that the smartcard is used for every
boarding, alighting, and transfer, which can be uncomfortable for travelers (because of privacy
issue) and expensive to implement.
Corridor and Area Characteristics
The Corridor and Area characteristics were introduced in Subsection 4.2.2. In general,
better knowledge and more demographic and business information about the area means more
realistic model output. In areas where Business Analyst reports are not available, other data
sources such as censes should be used.
Current and Proposed Service Features
The basic input necessary for running the model are travel times for all links in the
network, service headway for each route, and fare structure containing transfer policy between
and within modes. Different types of fare structure depending on the real situation can be
implemented. This feature is important especially for cities and regions where some kind of
integrated transportation system (introduced in Section 2.2.4) has been implemented.
Link and Route Network in GIS Format
The link network represented by a weighted graph with separate edges for different
transit modes is a necessary part of the model inputs. Travel time, operating speed, maximal
posted speed, and length have to be specified for each edge. Travel time and speed can be
obtained from current service standards used in the current timetables issued by transit carrier
or planning organizations. The route network consisting of stops and routes is built above the
link network.

92

6.3.3 Mode Choice Model and Estimated Ridership
There are many different available mode choice approaches like SD (covered in Chapter
5 of this thesis) or the logit model. Their usage depend on data available in the current city. The
total estimated ridership is the sum of passengers using the new proposed service. The SD
model is recommended for this model but the cities have to update it more than it was shown
in Chapter 5.
6.4

Future Research
The future research should be aimed to calibrate the model, especially the O-D matrix

multiplicator K. Different values of this multiplicator for different pairs of stops can be
implemented depending on how useful the new service is for the current pair.
Some improvement can be made to the mode choice model. Other ways how to estimate
the impact of a new service implementation on mode share can be included. For example the
SD model used in case study can be calibrated or replaced by other models that include transfer
passengers.
To estimate the future ridership some O-D matrix prediction model can be implemented
and used. The disadvantage of the proposed model is that it takes into account the current data
and the current change of ridership but it does not do the prediction to the future when the
updated transit system would be in use.
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